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(57) ABSTRACT

A plasmon generator includes a main body, and a front
protrusion protruding from the main body. The front pro-
trusion has a proximal portion which is a boundary with the
main body, and a near-field light generating surface located
in the medium facing surface of a magnetic head. The main
body has a first inclined surface and a second inclined
surface each facing toward the medium facing surface. The
first inclined surface and the second inclined surface are at
a distance from each other and aligned in the track width
direction. The proximal portion of the front protrusion is
located between the first inclined surface and the second
inclined surface.

20 Claims, 27 Drawing Sheets
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PLASMON GENERATOR INCLUDING A
MAIN BODY AND A FRONT PROTRUSION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a thermally-assisted mag-
netic recording head for use in thermally-assisted magnetic
recording to write data on a recording medium with the
coercivity thereof lowered by irradiating the recording
medium with near-field light.

2. Description of the Related Art

Recently, magnetic recording devices such as magnetic
disk drives have been improved in recording density, and
thin-film magnetic heads and recording media of improved
performance have been demanded accordingly. Among the
thin-film magnetic heads, a composite thin-film magnetic
head has been used widely. The composite thin-film mag-
netic head has such a structure that a read head unit
including a magnetoresistive element (hereinafter, also
referred to as MR element) for reading and a write head unit
including an induction-type electromagnetic transducer for
writing are stacked on a substrate. In a magnetic disk drive,
the thin-film magnetic head is mounted on a slider config-
ured to slightly fly above the surface of a recording medium.
The slider has a medium facing surface configured to face
the recording medium. The medium facing surface has an air
inflow end (a leading end) and an air outflow end (a trailing
end).

Here, the side of the positions closer to the leading end
relative to a reference position will be referred to as the
leading side, and the side of the positions closer to the
trailing end relative to the reference position will be referred
to as the trailing side. The leading side is the rear side in the
direction of travel of the recording medium relative to the
slider. The trailing side is the front side in the direction of
travel of the recording medium relative to the slider.

To increase the recording density of a magnetic recording
device, it is effective to make the magnetic fine particles of
the recording medium smaller. Making the magnetic fine
particles smaller, however, causes the problem that the
magnetic fine particles drop in the thermal stability of
magnetization. To eliminate this problem, it is effective to
increase the anisotropic energy of the magnetic fine par-
ticles. However, increasing the anisotropic energy of the
magnetic fine particles leads to an increase in coercivity of
the recording medium, and this makes it difficult to perform
data writing with existing magnetic heads.

To resolve the foregoing problems, there has been pro-
posed a technology called thermally-assisted magnetic
recording. The technology uses a recording medium having
high coercivity. When writing data, a write magnetic field
and heat are simultaneously applied to the area of the
recording medium where to write data, so that the area rises
in temperature and drops in coercivity for data writing. The
area where data is written subsequently falls in temperature
and rises in coercivity to increase the thermal stability of
magnetization. Hereinafter, a magnetic head for use in
thermally-assisted magnetic recording will be referred to as
a thermally-assisted magnetic recording head.

In thermally-assisted magnetic recording, near-field light
is typically used as a means for applying heat to the
recording medium. A known method for generating near-
field light is to use a plasmon generator, which is a piece of
metal that generates near-field light from plasmons excited
by irradiation with laser light. The laser light to be used for
generating near-field light is typically guided through a
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2

waveguide, which is provided in the slider, to the plasmon
generator disposed near the medium facing surface of the
slider.

U.S. Patent Application Publication No. 2011/0170381
Al discloses a thermally-assisted magnetic recording head
including a main pole, a waveguide and a plasmon genera-
tor. The main pole has an end face located in the medium
facing surface, and produces a write magnetic field from the
end face. The plasmon generator has a near-field light
generating surface located in the medium facing surface.
The waveguide includes a core and a cladding. In this head,
the surface of the core and the surface of the plasmon
generator face each other with a gap interposed therebe-
tween. This head is configured to excite surface plasmons on
the plasmon generator by using evanescent light that occurs
on the surface of the core based on the light propagating
through the core, and to cause near-field light to be generated
from the near-field light generating surface based on the
excited surface plasmons.

A thermally-assisted magnetic recording head suffers
from the problem that heat generated by the plasmon gen-
erator causes the plasmon generator to shrink and become
distant from the medium facing surface, and also causes the
main pole to be corroded, which result in a shorter life of the
thermally-assisted magnetic recording head.

In order to achieve higher recording density, it is essential
to make the track width smaller. Making the track width
smaller increases the track density. A thermally-assisted
magnetic recording head including a plasmon generator
allows the plasmon generator to form a spot of near-field
light on a recording medium. The size of the spot of
near-field light will hereinafter be referred to as light spot
size. It has conventionally been considered that a smaller
light spot size is effective for achieving higher recording
density. In order to make the light spot size smaller, it is
effective to reduce the width of the near-field light generat-
ing surface of the plasmon generator.

U.S. Patent Application Publication No. 2011/0170381
Al discloses a plasmon generator including a narrow portion
and a wide portion. The narrow portion includes the near-
field light generating surface located in the medium facing
surface. The wide portion is located farther from the medium
facing surface than is the narrow portion. Here, we define a
neck height as the length of the narrow portion in a direction
perpendicular to the medium facing surface. In the plasmon
generator disclosed in U.S. Patent Application Publication
No. 2011/0170381 Al, heat generated at the narrow portion,
particularly at the near-field light generating surface, may
cause the narrow portion to shrink and become distant from
the medium facing surface, and consequently cause the
plasmon generator to become unable to form a sport of
near-field light on a recording medium. A conceivable
countermeasure to prevent this is to reduce the neck height.
Reducing the neck height can enhance the heat sink effect of
the wide portion to dissipate the heat generated at the narrow
portion. Reducing the neck height can also increase the
efficiency of generation of near-field light.

Conventionally, however, any attempts to reduce the neck
height have resulted in difficulty in accurately controlling
the width of the near-field light generating surface.

OBIJECT AND SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
plasmon generator allowing for enhancement of the effi-
ciencies of heat dissipation and generation of near-field
light, and also allowing for accurate control of the width of
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the near-field light generating surface, and to provide a
thermally-assisted magnetic recording head including such a
plasmon generator.

A plasmon generator of the present invention includes a
main body, and a front protrusion protruding from the main
body. The front protrusion has a proximal portion which is
a boundary with the main body, and a near-field light
generating surface which is a protruding end. The main body
has a first inclined surface and a second inclined surface
each facing toward a first imaginary plane including the
near-field light generating surface. The first inclined surface
and the second inclined surface are at a distance from each
other and aligned in a first direction parallel to the first
imaginary plane.

Each of the first inclined surface and the second inclined
surface has a first edge located at a smallest distance from
the first imaginary plane, and a second edge located at a
largest distance from the first imaginary plane. The first edge
of the first inclined surface and the first edge of the second
inclined surface are located on a first imaginary straight line
extending in the first direction. The second edge of the first
inclined surface and the second edge of the second inclined
surface are located on a second imaginary straight line
extending in the first direction. Each of the first inclined
surface and the second inclined surface is inclined with
respect to both of the first imaginary plane and a second
imaginary plane, the second imaginary plane including the
first imaginary straight line and being perpendicular to the
first imaginary plane. The proximal portion of the front
protrusion is located between the first inclined surface and
the second inclined surface. The plasmon generator is con-
figured to excite a surface plasmon on the main body based
on light, and to generate near-field light from the near-field
light generating surface of the front protrusion based on the
surface plasmon.

In the plasmon generator of the present invention, the
main body may have a top surface, and a plasmon exciting
section located opposite to the top surface, the top surface
including the second edge of each of the first and second
inclined surfaces, the plasmon exciting section being con-
figured to excite a surface plasmon thereon. In such a case,
the main body may include a lower protrusion located on a
side of the second imaginary plane opposite from the top
surface. The lower protrusion includes the plasmon exciting
section, and has a front end face facing toward the first
imaginary plane and not included in the first imaginary
plane. The front end face of the lower protrusion may be
inclined with respect to both of the first imaginary plane and
the second imaginary plane. In such a case, the front end
face has a third edge located at a smallest distance from each
of the first imaginary plane and the second imaginary plane,
and a fourth edge located at a largest distance from each of
the first imaginary plane and the second imaginary plane.
The front end face of the lower protrusion may be parallel
to the first imaginary plane.

In the plasmon generator of the present invention, the first
imaginary straight line may be located at a distance from the
first imaginary plane or be included in the first imaginary
plane.

In the plasmon generator of the present invention, a
straight line that connects two points on each of the first and
second inclined surfaces may form an angle of 30° to 70°
with respect to the second imaginary plane, the two points
being located in a third imaginary plane perpendicular to the
first imaginary plane and the second imaginary plane.

In the plasmon generator of the present invention, each of
the first and second inclined surfaces may be a single plane
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4

or may include a plurality of planar portions that form
different angles with respect to the second imaginary plane.

In the plasmon generator of the present invention, at least
part of each of the first and second inclined surfaces may be
curved.

A thermally-assisted magnetic recording head of the pres-
ent invention includes: a medium facing surface configured
to face a recording medium; a coil; a main pole having an
end face located in the medium facing surface; a waveguide;
and the plasmon generator of the present invention. The coil
produces a magnetic field corresponding to data to be
written on the recording medium. The waveguide includes a
core and a cladding, the core allowing light to propagate
therethrough, the cladding being provided around the core.

The main pole is configured to pass a magnetic flux
corresponding to the magnetic field produced by the coil,
and to produce from the end face a write magnetic field for
use to write data on the recording medium. The near-field
light generating surface of the front protrusion of the plas-
mon generator is located in the medium facing surface. The
medium facing surface is included in the first imaginary
plane. The plasmon generator is configured to excite a
surface plasmon on the main body based on the light
propagating through the core.

In the thermally-assisted magnetic recording head of the
present invention, the core may have an evanescent light
generating surface for generating evanescent light based on
the light propagating through the core. The main body of the
plasmon generator may have a top surface, and a plasmon
exciting section located opposite to the top surface, the top
surface including the second edge of each of the first and
second inclined surfaces, the plasmon exciting section fac-
ing the evanescent light generating surface with a predeter-
mined spacing therefrom. The plasmon exciting section is
configured so that a surface plasmon is excited on the
plasmon exciting section through coupling with the evanes-
cent light generated by the evanescent light generating
surface.

The main body of the plasmon generator may include a
lower protrusion located on a side of the second imaginary
plane opposite from the top surface. The lower protrusion
includes the plasmon exciting section, and has a front end
face facing toward the first imaginary plane and not included
in the first imaginary plane.

A manufacturing method for the plasmon generator of the
present invention includes the steps of forming an initial
plasmon generator; forming a first mask on the initial
plasmon generator, the first mask being intended for defining
the width of the front protrusion in the first direction;
forming a second mask on the initial plasmon generator and
the first mask, the second mask being intended for defining
the location of the first and second inclined surfaces; etching
the initial plasmon generator using the first and second
masks so that the first and second inclined surfaces and an
initial front protrusion are formed; and forming the near-
field light generating surface so that the initial front protru-
sion becomes the front protrusion and the initial plasmon
generator becomes the plasmon generator.

In the plasmon generator manufactured by the manufac-
turing method of the present invention, the main body may
have a top surface, and a plasmon exciting section located
opposite to the top surface, the top surface including the
second edge of each of the first and second inclined surfaces,
the plasmon exciting section being configured to excite a
surface plasmon thereon. The main body may include a
lower protrusion located on a side of the second imaginary
plane opposite from the top surface. The lower protrusion
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includes the plasmon exciting section, and has a front end
face facing toward the first imaginary plane and not included
in the first imaginary plane. In such a case, the initial
plasmon generator is formed to include an initial lower
protrusion which will later become the lower protrusion. The
initial lower protrusion has an initial front end face which
will later become the front end face.

Where the main body of the plasmon generator includes
the lower protrusion, the manufacturing method for the
plasmon generator of the present invention may further
include the step of forming an underlying section before the
initial plasmon generator is formed. The underlying section
includes a base portion, and an upward protrusion protrud-
ing upward from the base portion. The base portion has a top
surface. The upward protrusion has a reference surface. The
initial plasmon generator is formed over the base portion and
the upward protrusion of the underlying section such that the
plasmon exciting section contacts the top surface of the base
portion and the initial front end face contacts the reference
surface of the upward protrusion.

The reference surface of the upward protrusion may have
at least one edge parallel to the first imaginary plane. In such
a case, in the step of etching the initial plasmon generator,
the location of at least one of the first and second edges of
each of the first and second inclined surfaces may be
controlled by using the at least one edge of the reference
surface of the upward protrusion as a reference.

The manufacturing method for the plasmon generator of
the present invention may further include the step of forming
an indicator before the initial plasmon generator is formed.
The indicator is located at a predetermined distance of zero
or more from the first imaginary plane. In such a case, in the
step of etching the initial plasmon generator, the location of
at least one of the first and second edges of each of the first
and second inclined surfaces is controlled by using the
indicator as a reference.

In the manufacturing method for the plasmon generator of
the present invention, the step of etching the initial plasmon
generator may employ ion beam etching to etch the initial
plasmon generator.

For the plasmon generator of the present invention, it is
possible that the first edge of each of the first and second
inclined surfaces is located at a small distance from the
medium facing surface while the second edge of each of the
first and second inclined surfaces is located at a relatively
large distance from the medium facing surface. By virtue of
such a configuration, the present invention makes it possible
to provide a plasmon generator that allows for enhancement
of the efficiencies of heat dissipation and generation of
near-field light, and also allows for accurate control of the
width of the near-field light generating surface, and to
provide a thermally-assisted magnetic recording head
including such a plasmon generator.

Other and further objects, features and advantages of the
present invention will appear more fully from the following
description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view showing a plasmon generator
according to a first embodiment of the invention.

FIG. 2 is a plan view showing the plasmon generator
according to the first embodiment of the invention.

FIG. 3 is a cross-sectional view showing the plasmon
generator according to the first embodiment of the invention.

FIG. 4 is a cross-sectional view showing a cross section
of the plasmon generator cut by a third imaginary plane.
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FIG. 5 is a perspective view showing the main part of a
thermally-assisted magnetic recording head according to the
first embodiment of the invention.

FIG. 6 is a cross-sectional view showing the main part of
the thermally-assisted magnetic recording head according to
the first embodiment of the invention.

FIG. 7 is a front view showing the main part of the
thermally-assisted magnetic recording head according to the
first embodiment of the invention.

FIG. 8 is a cross-sectional view showing the configuration
of the thermally-assisted magnetic recording head according
to the first embodiment of the invention.

FIG. 9 is a front view showing the medium facing surface
of the thermally-assisted magnetic recording head according
to the first embodiment of the invention.

FIG. 10 is a plan view showing a first layer of a coil of the
first embodiment of the invention.

FIG. 11 is a plan view showing a second layer of the coil
of the first embodiment of the invention.

FIGS. 12A and 12B are cross-sectional views showing a
step of a method of manufacturing the thermally-assisted
magnetic recording head according to the first embodiment
of the invention.

FIGS. 13A and 13B are cross-sectional views showing a
step that follows the step shown in FIGS. 12A and 12B.

FIGS. 14A and 14B are cross-sectional views showing a
step that follows the step shown in FIGS. 13A and 13B.

FIGS. 15A and 15B are cross-sectional views showing a
step that follows the step shown in FIGS. 14A and 14B.

FIGS. 16A to 16C are explanatory diagrams showing a
step that follows the step shown in FIGS. 15A and 15B.

FIG. 17 is a perspective view showing a step that follows
the step shown in FIGS. 16A to 16C.

FIGS. 18A to 18C are explanatory diagrams for explain-
ing a method of controlling the location of first edges of first
and second inclined surfaces.

FIGS. 19A and 19B are cross-sectional views showing a
step that follows the step shown in FIG. 17.

FIGS. 20A and 20B are cross-sectional views showing a
step that follows the step shown in FIGS. 19A and 19B.

FIG. 21 is a plan view showing a step of a method of
manufacturing a plasmon generator of a comparative
example.

FIG. 22 is a plan view showing a first modification
example of the plasmon generator according to the first
embodiment of the invention.

FIG. 23 is a plan view showing a second modification
example of the plasmon generator according to the first
embodiment of the invention.

FIG. 24 is a perspective view showing a third modifica-
tion example of the plasmon generator according to the first
embodiment of the invention.

FIG. 25 is a perspective view showing a fourth modifi-
cation example of the plasmon generator according to the
first embodiment of the invention.

FIG. 26 is a perspective view showing a plasmon gen-
erator according to a second embodiment of the invention.

FIG. 27 is a cross-sectional view showing a step of a
method of manufacturing a thermally-assisted magnetic
recording head according to the second embodiment of the
invention.

FIG. 28 is a perspective view showing a plasmon gen-
erator according to a third embodiment of the invention.

FIG. 29 is a perspective view showing a step of a method
of manufacturing a thermally-assisted magnetic recording
head according to the third embodiment of the invention.
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FIG. 30 is a perspective view showing a plasmon gen-
erator according to a fourth embodiment of the invention.

FIG. 31 is a cross-sectional view showing a step of a
method of manufacturing a thermally-assisted magnetic
recording head according to the fourth embodiment of the
invention.

FIG. 32 is a perspective view showing a plasmon gen-
erator according to a fifth embodiment of the invention.

FIG. 33 is a perspective view showing a step of a method
of manufacturing a thermally-assisted magnetic recording
head according to the fifth embodiment of the invention.

FIG. 34 is a perspective view showing the main part of a
thermally-assisted magnetic recording head according to a
sixth embodiment of the invention.

FIG. 35 is a cross-sectional view showing the configura-
tion of the thermally-assisted magnetic recording head
according to the sixth embodiment of the invention.

FIG. 36 is a front view showing the medium facing
surface of the thermally-assisted magnetic recording head
according to the sixth embodiment of the invention.

FIG. 37 is a plan view showing a first layer of a coil of the
sixth embodiment of the invention.

FIG. 38 is a plan view showing a second layer of the coil
of the sixth embodiment of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

First Embodiment

Preferred embodiments of the present invention will now
be described in detail with reference to the drawings. First,
reference is made to FIG. 5 to FIG. 11 to describe the
configuration of a thermally-assisted magnetic recording
head according to a first embodiment of the invention. FIG.
5 is a perspective view showing the main part of the
thermally-assisted magnetic recording head. FIG. 6 is a
cross-sectional view showing the main part of the thermally-
assisted magnetic recording head. FIG. 7 is a front view
showing the main part of the thermally-assisted magnetic
recording head. FIG. 8 is a cross-sectional view showing the
configuration of the thermally-assisted magnetic recording
head. FIG. 9 is a front view showing the medium facing
surface of the thermally-assisted magnetic recording head.
FIG. 10 is a plan view showing a first layer of a coil of the
present embodiment. FIG. 11 is a plan view showing a
second layer of the coil of the present embodiment.

The thermally-assisted magnetic recording head accord-
ing to the present embodiment is intended for use in per-
pendicular magnetic recording, and is incorporated in a
slider configured to fly over the surface of a rotating record-
ing medium. The slider has a medium facing surface 80
configured to face a recording medium 90. When the record-
ing medium 90 rotates, an airflow passing between the
recording medium 90 and the slider causes a lift to be
exerted on the slider. The lift causes the slider to fly over the
surface of the recording medium 90.

As shown in FIG. 8, the thermally-assisted magnetic
recording head has the medium facing surface 80. Here, we
define X direction, Y direction, and Z direction as follows.
The X direction is the direction across the tracks of the
recording medium 90, i.e., the track width direction. The Y
direction is a direction perpendicular to the medium facing
surface 80. The Z direction is the direction of travel of the
recording medium 90 as viewed from the slider. The X, Y,
and Z directions are orthogonal to one another.
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As shown in FIG. 8 and FIG. 9, the thermally-assisted
magnetic recording head includes: a substrate 1 formed of a
ceramic material such as aluminum oxide-titanium carbide
(Al,0;—TiC) and having a top surface 1la; an insulating
layer 2 formed of an insulating material such as alumina
(Al,0;) and disposed on the top surface 1a of the substrate
1; a bottom shield layer 3 formed of a magnetic material and
disposed on the insulating layer 2; a bottom shield gap film
4 which is an insulating film disposed to cover the bottom
shield layer 3; a magnetoresistive (MR) element 5 serving as
a read element disposed on the bottom shield gap film 4; two
leads (not illustrated) connected to the MR element 5; a top
shield gap film 6 which is an insulating film disposed on the
MR element 5; and a top shield layer 7 formed of a magnetic
material and disposed on the top shield gap film 6. The Z
direction is also a direction perpendicular to the top surface
1a of the substrate 1.

An end of the MR element 5 is located in the medium
facing surface 80. The MR element 5 may be an element
formed of a magneto-sensitive film that exhibits a magne-
toresistive effect, such as an anisotropic magnetoresistive
(AMR) element, a giant magnetoresistive (GMR) element,
or a tunneling magnetoresistive (ITMR) element. The GMR
element may be of either the current-in-plane (CIP) type in
which a current for use in magnetic signal detection is fed in
a direction generally parallel to the plane of layers consti-
tuting the GMR element or the current-perpendicular-to-
plane (CPP) type in which the current for use in magnetic
signal detection is fed in a direction generally perpendicular
to the plane of the layers constituting the GMR element.

The parts from the bottom shield layer 3 to the top shield
layer 7 constitute a read head unit. The thermally-assisted
magnetic recording head further includes an insulating layer
8 disposed on the top shield layer 7, a middle shield layer 9
formed of a magnetic material and disposed on the insulat-
ing layer 8, a nonmagnetic layer 10 formed of a nonmagnetic
material and disposed on the middle shield layer 9, and a
write head unit disposed on the nonmagnetic layer 10. The
middle shield layer 9 has the function of shielding the MR
element 5 from magnetic fields generated in the write head
unit. The insulating layer 8 and the nonmagnetic layer 10 are
formed of alumina, for example.

The write head unit includes a coil 34 and a main pole 30.
The coil 34 produces a magnetic field corresponding to data
to be written on the recording medium 90. As shown in
FIGS. 6 to 8, the main pole 30 has an end face 30a located
in the medium facing surface 80. The main pole 30 is
configured to pass a magnetic flux corresponding to the
magnetic field produced by the coil 34, and to produce from
the end face 30q a write magnetic field for use to write data
on the recording medium 90 by means of a perpendicular
magnetic recording system. The coil 34 is formed of a
conductive material such as copper.

The write head unit further includes a shield 17. The
shield 17 is formed of a magnetic metal. As shown in FIGS.
6 to 8, the shield 17 has an end face 17a located in the
medium facing surface 80.

The write head unit further includes a return path section
R formed of a magnetic material. The return path section R
connects the main pole 30 and the shield 17 to each other,
and passes a magnetic flux corresponding to the magnetic
field produced by the coil 34. The return path section R
includes a return pole layer 11, coupling layers 12, 13, 33
and 39, two first coupling sections 15A and 15B, two second
coupling sections 16A and 16B, and a first yoke portion 38.
The return pole layer 11 lies on the nonmagnetic layer 10.
The return pole layer 11 has an end face located in the
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medium facing surface 80. The write head unit further
includes a non-illustrated insulating layer provided around
the return pole layer 11. The non-illustrated insulating layer
is formed of alumina, for example.

The coupling layer 12 lies on a first portion of the top
surface of the return pole layer 11, the first portion being
near the medium facing surface 80. The coupling layer 13
lies on a second portion of the top surface of the return pole
layer 11, the second portion being located away from the
medium facing surface 80. The coupling layer 12 has an end
face located in the medium facing surface 80. The write head
unit further includes an insulating layer 14 lying on the
non-illustrated insulating layer and a portion of the top
surface of the return pole layer 11 other than the first and
second portions. The insulating layer 14 is formed of alu-
mina, for example.

The two first coupling sections 15A and 15B are disposed
on the coupling layer 12. The first coupling section 15A and
the first coupling section 15B are arranged to be adjacent in
the track width direction (the X direction). The shield 17 lies
over the two first coupling sections 15A and 15B. The shield
17 is shaped to be greater in dimension in the track width
direction (the X direction) than in dimension in the direction
perpendicular to the top surface 1a of the substrate 1 (the Z
direction).

The two second coupling sections 16A and 16B are
disposed on the coupling layer 13. Each of the second
coupling sections 16A and 16B includes a first layer lying on
the coupling layer 13, and a second layer lying on the first
layer. The first layer of the second coupling section 16 A and
the first layer of the second coupling section 16B are
arranged to be adjacent in the track width direction (the X
direction).

The write head unit further includes a waveguide includ-
ing a core 20 and a cladding, the core 20 allowing light to
propagate therethrough, the cladding being provided around
the core 20. As shown in FIGS. 6 to 8 in particular, the core
20 has a front end face 20a facing toward the medium facing
surface 80, an evanescent light generating surface 205 which
is a top surface, a bottom surface 20c, and two side surfaces.

In the present embodiment, as shown in FIGS. 6 to 8, the
front end face 20a of the core 20 includes a first portion 20a1
located at a distance from the medium facing surface 80 and
a second portion 2042 located in the medium facing surface
80. The second portion 2042 is located on the rear side in the
direction of travel of the recording medium 90 relative to the
first portion 20al. There is a difference in level between the
first portion 2041 and the second portion 20a42. A portion of
the shield 17 is located between the first portion 20al and
the medium facing surface 80. Alternatively, the entire front
end face 20a may be located at a distance from the medium
facing surface 80. The shape and location of the shield 17
and the shape of the front end face 20a of the core 20 will
be described in more detail later.

The cladding includes cladding layers 19, 21 and 22. The
cladding layer 19 lies on the coupling layers 12 and 13 and
the insulating layer 14. The core 20 lies on the cladding layer
19. The cladding layer 21 lies on the cladding layer 19 and
surrounds the shield 17 and the core 20. The cladding layer
22 is disposed over the evanescent light generating surface
206 of the core 20 and the top surface of the cladding layer
21.

The core 20 is formed of a dielectric material that trans-
mits laser light to be used for generating near-field light. The
laser light emitted from a non-illustrated laser diode enters
the core 20 and propagates through the core 20. The cladding
layers 19, 21 and 22 are each formed of a dielectric material
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that has a refractive index lower than that of the core 20. For
example, the core 20 may be formed of tantalum oxide such
as Ta,Oj or silicon oxynitride (SiON), whereas the cladding
layers 19, 21 and 22 may be formed of silicon oxide (SiO,)
or alumina.

The first coupling sections 15A and 15B and the first
layers of the second coupling sections 16A and 16B are
embedded in the cladding layers 19 and 21. The first
coupling section 15A and the first coupling section 15B are
located on opposite sides of the core 20 in the track width
direction (the X direction) and spaced from the core 20. The
first layer of the second coupling section 16A and the first
layer of the second coupling section 16B are also located on
opposite sides of the core 20 in the track width direction (the
X direction) and spaced from the core 20, but located farther
from the medium facing surface 80 than are the first cou-
pling sections 15A and 15B.

The write head unit further includes a plasmon generator
50 according to the present embodiment. The plasmon
generator 50 lies on the cladding layer 22 in the vicinity of
the medium facing surface 80. The plasmon generator 50 is
configured to excite surface plasmons on the principle to be
described later. The plasmon generator 50 is formed of, for
example, one of Au, Ag, Al, Cu, Pd, Pt, Rh and Ir, or an alloy
composed of two or more of these elements. The shape of
the plasmon generator 50 will be described in detail later.

The write head unit further includes: dielectric layers 23
and 24 stacked in this order on the cladding layer 22 and
surrounding the plasmon generator 50; a dielectric layer 25
located near the medium facing surface 80 and lying on a
portion of the plasmon generator 50 and a portion of the
dielectric layer 24; a dielectric layer 26 located away from
the medium facing surface 80 and lying on another portion
of'the dielectric layer 24; and a heat sink 27 lying on another
portion of the plasmon generator 50 and on the dielectric
layer 26. The heat sink 27 has the function of dissipating
heat generated at the plasmon generator 50 outward from the
plasmon generator 50. The heat sink 27 is formed of Au or
Cu, for example. The dielectric layers 23 to 26 are formed
of'the same material as the cladding layers 19, 21 and 22, for
example.

The write head unit further includes a dielectric layer 28
disposed around the heat sink 27, and a nonmagnetic metal
film 29 lying on the dielectric layer 25 and the heat sink 27.
The main pole 30 lies on the nonmagnetic metal film 29. The
plasmon generator 50 lies between the core 20 and the main
pole 30. The nonmagnetic metal film 29 has the function of
preventing the material of the heat sink 27 from diffusing
into the main pole 30, and thereby preventing deterioration
of the magnetic properties of the main pole 30. The non-
magnetic metal film 29 is formed of Ru, Ta or Ti, for
example. FIGS. 8 and 9 omit the illustration of the nonmag-
netic metal film 29. The dielectric layer 28 is formed of the
same material as the cladding layers 19, 21 and 22, for
example.

The main pole 30 may include a narrow portion 30A and
a wide portion 20B as shown in FIG. 10, the narrow portion
30A having the end face 304 and an end opposite thereto, the
wide portion 30B being connected to the end of the narrow
portion 30A. The wide portion 30B is greater than the
narrow portion 30A in width in the track width direction (the
X direction). The width of the narrow portion 30A in the
track width direction is substantially constant regardless of
distance from the medium facing surface 80. The width of
the wide portion 30B in the track width direction increases
with increasing distance from the medium facing surface 80.
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The write head unit further includes a heat sink 32 lying
on the nonmagnetic metal film 29 and surrounding the main
pole 30, and a nonmagnetic metal film 31 interposed
between the main pole 30 and the heat sink 32. The heat sink
32 has the function of dissipating heat transferred from the
plasmon generator 50 to the main pole 30 outward from the
main pole 30. The heat sink 32 is formed of the same
material as the heat sink 27, for example. The nonmagnetic
metal film 31 has the function of preventing the material of
the heat sink 32 from diffusing into the main pole 30, and
thereby preventing deterioration of the magnetic properties
of the main pole 30. The nonmagnetic metal film 31 is
formed of the same material as the nonmagnetic metal film
29, for example. FIGS. 8 and 9 omit the illustration of the
nonmagnetic metal film 31.

The second layers of the second coupling sections 16A
and 16B are embedded in the cladding layer 22 and the
dielectric layers 23, 24, 26 and 28. The coupling layer 33 lies
on the second layers of the second coupling sections 16A
and 16B and the dielectric layer 28.

The coil 34 includes a first layer 34A and a second layer
34B. As shown in FIG. 10, the first layer 34A is wound
around the coupling layer 33. The write head unit further
includes: an insulating film 35 for separating the first layer
34A from the dielectric layer 28, the heat sink 32 and the
coupling layer 33; an insulating layer 36 disposed around the
heat sink 32 and the first layer 34 A and in the space between
adjacent turns of the first layer 34A; and an insulating layer
37 lying on the heat sink 32, the first layer 34A, the
insulating film 35 and the insulating layer 36. The insulating
film 35 and the insulating layers 36 and 37 are formed of
alumina, for example.

The first yoke portion 38 includes a first layer 38A and a
second layer 38B. A portion of the first layer 38A lies on the
main pole 30, while another portion of the first layer 38A lies
on the insulating layer 37. The first layer 38A has an end face
facing toward the medium facing surface 80. This end face
of the first layer 38A is located at a distance from the
medium facing surface 80. The coupling layer 39 lies on the
coupling layer 33.

The second layer 34B of the coil 34 lies above the first
layer 34A. As shown in FIG. 11, the second layer 34B is
wound around the coupling layer 39. The write head unit
further includes: an insulating film 40 for separating the
second layer 34B from the insulating layer 37, the first layer
38A of the first yoke portion 38 and the coupling layer 39;
an insulating layer 41 disposed around the second layer 34B
and the first layer 38A and in the space between adjacent
turns of the second layer 34B; and an insulating layer 42
lying on the second layer 34B, the insulating film 40 and the
insulating layer 41. The insulating film 40 and the insulating
layers 41 and 42 are formed of alumina, for example.

The second layer 38B of the first yoke portion 38 lies on
the first layer 38A, the coupling layer 39 and the insulating
layer 42. The second layer 38B has an end face facing
toward the medium facing surface 80. This end face of the
second layer 38B is located at a distance from the medium
facing surface 80. The write head unit further includes an
insulating layer 43 disposed around the second layer 38B.
The insulating layer 43 is formed of alumina, for example.

The thermally-assisted magnetic recording head further
includes a protective layer 44 disposed to cover the write
head unit. The protective layer 44 is formed of alumina, for
example.

As has been described, the thermally-assisted magnetic
recording head according to the present embodiment
includes the medium facing surface 80, the read head unit,
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and the write head unit. The read head unit and the write
head unit are stacked on the substrate 1. The write head unit
is located on the trailing side, i.e., the front side in the
direction of travel of the recording medium 90 (the Z
direction), relative to the read head unit.

The write head unit includes the coil 34, the main pole 30,
the waveguide, the plasmon generator 50, the shield 17, and
the return path section R. The waveguide includes the core
20 and the cladding. The cladding includes the cladding
layers 19, 21 and 22. The return path section R includes the
return pole layer 11, the coupling layers 12, 13, 33 and 39,
the two first coupling sections 15A and 15B, the two second
coupling sections 16A and 16B, and the first yoke portion
38

The main pole 30 has the end face 30a located in the
medium facing surface 80. The shield 17 has the end face
17a located in the medium facing surface 80. The end face
30a of the main pole 30 and the end face 17a of the shield
17 are at locations different from each other in the direction
of travel of the recording medium 90 (the Z direction). In the
present embodiment, in particular, the end face 17a of the
shield 17 is located on the leading side, i.e., the rear side in
the direction of travel of the recording medium 90, relative
to the end face 30a of the main pole 30.

The main pole 30 is located on the front side in the
direction of travel of the recording medium 90 relative to the
core 20. The core 20 has the front end face 20a facing
toward the medium facing surface 80. The front end face 20a
includes the first portion 2041 and the second portion 20a2.
A portion of the shield 17 is located between the first portion
2041 of the front end face 204 of the core 20 and the medium
facing surface 80. The end face 17a of the shield 17 is
located between the end face 30a of the main pole 30 and the
second portion 2042 of the front end face 20a of the core 20
in the direction of travel of the recording medium 90.

The shield 17 captures a disturbance magnetic field
applied to the thermally-assisted magnetic recording head
from the outside thereof. This makes it possible to prevent
the disturbance magnetic field from being intensively cap-
tured into the main pole 30 and thereby causing erroneous
writing on the recording medium 90. The shield 17 also has
the function of capturing a magnetic flux that is produced
from the end face 30a of the main pole 30 and spreads in
directions other than the direction perpendicular to the plane
of the recording medium 90, and thereby preventing the
magnetic flux from reaching the recording medium 90. This
makes it possible to increase the gradient of a change in the
write magnetic field strength with respect to a positional
change along the direction in which the tracks extend, which
will hereinafter be called the gradient of the write magnetic
field strength. The shield 17 and the return path section R
also have the function of allowing a magnetic flux that has
been produced from the end face 30a of the main pole 30 and
has magnetized a portion of the recording medium 90 to flow
back to the main pole 30.

The shape and location of the coil 34 will now be
described in detail with reference to FIGS. 10 and 11. As
shown in FIG. 10, the first layer 34 A of the coil 34 is wound
approximately three times around the coupling layer 33. The
first layer 34A includes a portion extending to pass through
between the main pole 30 and the coupling layer 33. The first
layer 34A has a coil connection 34E electrically connected
to the second layer 34B of the coil 34.

As shown in FIG. 11, the second layer 34B of the coil 34
is wound approximately three times around the coupling
layer 39. The second layer 34B includes a portion extending
to pass through between the first layer 38A of the first yoke
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portion 38 and the coupling layer 39. The second layer 34B
has a coil connection 34S electrically connected to the coil
connection 34E of the first layer 34A. The coil connection
348 penetrates the insulating layer 37 and the insulating film
40 (see FIG. 8) and is electrically connected to the coil
connection 34E. In the example shown in FIGS. 10 and 11,
the first layer 34A and the second layer 34B are connected
in series.

The plasmon generator 50 according to the present
embodiment will now be described in detail with reference
to FIGS. 1 to 3. FIG. 1 is a perspective view showing the
plasmon generator 50. FIG. 2 is a plan view showing the
plasmon generator 50. FIG. 3 is a cross-sectional view
showing the plasmon generator 50. FIGS. 1 to 3 also show
the X, Y and Z directions mentioned previously.

As shown in FIGS. 1 to 3, the plasmon generator 50
includes a main body 51, and a front protrusion 52 protrud-
ing from the main body 51. In each of FIGS. 2 and 3, the
boundary between the main body 51 and the front protrusion
52 is indicated by a dotted line. As shown in FIG. 3, the front
protrusion 52 has a proximal portion 525 which is the
boundary with the main body 51, and a near-field light
generating surface 524 which is a protruding end. FIG. 3
shows a cross section that intersects the near-field light
generating surface 52a and that is perpendicular to the
medium facing surface 80 and to the top surface la (see
FIGS. 8 and 9) of the substrate 1. The near-field light
generating surface 52a is located in the medium facing
surface 80. The near-field light generating surface 52a
generates near-field light on the principle to be described
later.

As shown in FIGS. 1 to 3, assume a first imaginary plane
P1 including the near-field light generating surface 52a. The
first imaginary plane P1 is also the XZ plane including the
near-field light generating surface 52a. The medium facing
surface 80 is included in the first imaginary plane P1.

The main body 51 has a first inclined surface 51a1 and a
second inclined surface 51a2 each facing toward the first
imaginary plane P1 (the medium facing surface 80). As
shown in FIGS. 1 and 2, the first inclined surface 51a1 and
the second inclined surface 5142 are at a distance from each
other and aligned in the X direction (the track width direc-
tion) parallel to the first imaginary plane P1 (the medium
facing surface 80). The X direction corresponds to the first
direction of the present invention.

Each of the first inclined surface 5141 and the second
inclined surface 5142 has a first edge located at a smallest
distance from the first imaginary plane P1 (the medium
facing surface 80), and a second edge located at a largest
distance from the first imaginary plane P1. Hereinafter, the
first edge and the second edge of the first inclined surface
51al will be denoted by symbols E11 and E12, respectively,
and the first edge and the second edge of the second inclined
surface 5142 will be denoted by symbols E21 and E22,
respectively. As shown in FIG. 2, the first edge E1/ of the
first inclined surface 51al and the first edge E21 of the
second inclined surface 5142 are located on a first imaginary
straight line L1 extending in the X direction (the first
direction). In the present embodiment, the first imaginary
straight line L1 is located at a distance from the first
imaginary plane P1. The second edge E12 of the first
inclined surface 51a1 and the second edge E22 of the second
inclined surface 5142 are located on a second imaginary
straight line [2 extending in the X direction (the first
direction).

As shown in FIG. 3, assume a second imaginary plane P2
including the first imaginary straight line .1 shown in FIG.
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2 and perpendicular to the first imaginary plane P1. The
second imaginary plane P2 is also the XY plane including
the first imaginary straight line [.1, and is parallel to the top
surface 1a of the substrate 1 shown in FIGS. 8 and 9. Each
of the first inclined surface 51al and the second inclined
surface 5142 is inclined with respect to both of the first
imaginary plane P1 (the medium facing surface 80) and the
second imaginary plane P2.

In the example shown in FIG. 1 and in FIG. 4 to be
described later, each of the first inclined surface 51al and
the second inclined surface 51a2 is a single plane. In this
case, each of the first inclined surface 51al and the second
inclined surface 5142 preferably forms an angle 6 in the
range of 30° to 70°, more preferably in the range of 40° to
60°, with respect to the second imaginary plane P2.

As will be shown later as a plurality of modification
examples, each of the first inclined surface 51al and the
second inclined surface 51¢2 may include a plurality of
planar portions that form different angles with respect to the
second imaginary plane P2. Alternatively, at least part of
each of the first inclined surface 51al and the second
inclined surface 5142 may be curved.

Now, we define extended inclination angle as follows.
Extended inclination angle is an angle that a straight line
connecting two points on each of the first and second
inclined surfaces 51al and 51a2 forms with respect to the
second imaginary plane P2, the two points being located in
a third imaginary plane perpendicular to the first imaginary
plane P1 and the second imaginary plane P2. The extended
inclination angle is a concept indicative of characteristics
relating to the inclination of each of the first inclined surface
51al and the second inclined surface 5142 regardless of
whether each of the first inclined surface 51al and the
second inclined surface 5142 is a single plane.

Now, the extended inclination angle will be described
specifically with reference to FIG. 4 by taking the first
inclined surface 51al as an example. FIG. 4 is a cross-
sectional view showing a cross section of the plasmon
generator 50 cut by the third imaginary plane. The third
imaginary plane is also the YZ plane intersecting the first
inclined surface 51al or the second inclined surface 5142,
and is perpendicular to the medium facing surface 80 and to
the top surface 1a of the substrate 1. The third imaginary
plane in the example shown in FIG. 4 intersects the first
inclined surface 51al.

In FIG. 4, the symbols pa and pb represent two points on
the first inclined surface 51al, the two points being located
in the third imaginary plane. The angle that the straight line
L connecting the two points pa and pb forms with respect to
the second imaginary plane P2 is the extended inclination
angle of the first inclined surface 51qal. If the first inclined
surface 51al is a single plane, the extended inclination angle
of'the first inclined surface 51a1 is always equal to the angle
0 shown in FIG. 4 no matter how the locations of the two
points pa and pb are chosen.

If the first inclined surface 51a1 is not a single plane, the
extended inclination angle can vary depending on the loca-
tions of the two points pa and pb. For example, suppose the
first inclined surface 514l is a curved surface and the line
resulting from the intersection of the first inclined surface
51al and the third imaginary plane is a curved line. In such
a case, if the locations of the two points pa and pb on the
curved line are brought into the utmost proximity to each
other, the straight line L. becomes one that comes into contact
with the curved line at the midpoint between the two points
pa and pb. In this case, the extended inclination angle, i.e.,
the angle that the straight line I forms with respect to the
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second imaginary plane P2, varies depending on the loca-
tions of the two points pa and pb.

The extended inclination angle of the second inclined
surface 5142 is defined similarly to that of the first inclined
surface S1al.

In the present embodiment, the extended inclination angle
preferably falls within the range of 30° to 70°, more pref-
erably within the range of 40° to 60°, no matter what shape
the first and second inclined surfaces 51al and 5142 have,
and no matter how the locations of the two points pa and pb
are chosen.

As shown in FIGS. 1 and 3, the main body 51 further has
a top surface 515 and a plasmon exciting section 51c¢. The
top surface 515 is contiguous with the first and second
inclined surfaces 51al and 5142, and includes the second
edges E12 and E22 of the first and second inclined surfaces
51al and 5142. The plasmon exciting section 51c is located
opposite to the top surface 515. The plasmon exciting
section 51c is configured to excite surface plasmons thereon.
Most part of the top surface 515 is constant in width in the
track with direction (the X direction) regardless of distance
from the first imaginary plane P1 (the medium facing
surface 80). The plasmon exciting section 51c faces the
evanescent light generating surface 206 of the core 20
shown in FIGS. 6 and 8 with a predetermined spacing
therefrom.

As shown in FIGS. 1 and 3, the main body 51 includes a
lower protrusion 511 located on a side of the second imagi-
nary plane P2 opposite from the top surface 515. In FIG. 1,
the boundary between the lower protrusion 511 and the
remaining portion of the main body 51 is indicated by a
dotted line. The lower protrusion 511 includes the plasmon
exciting section 51c¢, and has a front end face 514 facing
toward the first imaginary plane P1 (the medium facing
surface 80) and not included in the first imaginary plane P1.
A portion of the dielectric layer 23 shown in FIGS. 6 to 9 is
interposed between the front end face 51d and the medium
facing surface 80.

In the present embodiment, as shown in FIGS. 3 and 4, the
front end face 51d of the lower protrusion 511 is inclined
with respect to both of the first imaginary plane P1 and the
second imaginary plane P2. The front end face 51d has a
third edge E3 located at a smallest distance from each of the
first imaginary plane P1 and the second imaginary plane P2,
and a fourth edge E4 located at a largest distance from each
of the first imaginary plane P1 and the second imaginary
plane P2.

The shape and location of the shield 17 and the shape of
the front end face 20a of the core 20 will now be described
in detail with reference to FIGS. 5 to 7. The shield 17 has the
end face 17a located in the medium facing surface 80, and
further has a rear end face 175, a top surface 17¢ and a
bottom surface 17d, the rear end face 175 being located
opposite to the end face 17a. The shield 17 is shaped to be
greater in dimension in the track width direction (the X
direction) than in dimension in the direction perpendicular to
the top surface 1a of the substrate 1 (the Z direction).

The end face 30qa of the main pole 30 and the end face 17a
of the shield 17 are at locations different from each other in
the direction of travel of the recording medium 90. In the
present embodiment, the end face 17a of the shield 17 is
located on the rear side in the direction of travel of the
recording medium 90 relative to the end face 30a of the main
pole 30. The near-field light generating surface 52a of the
front protrusion 52 of the plasmon generator 50 is located
between the end face 30a of the main pole 30 and the end
face 17a of the shield 17. As shown in FIG. 7, the distance
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between the end face 30a of the main pole 30 and the end
face 17a of the shield 17 is denoted by reference letter D.
The distance D is preferably in the range of 50 to 300 nm,
and more preferably in the range of 50 to 100 nm.

The front end face 20a of the core 20 includes the first
portion 20a1 and the second portion 2042, as mentioned
previously. As shown in FIG. 7, the front end face 20q has
a first edge E1 and a second edge E2 located opposite to each
other in the direction of travel of the recording medium 90
(the Z direction). The first edge E1 is located closer to the
near-field light generating surface 52q than is the second
edge E2. The first edge E1 also serves as the front-side end
of the first portion 20al in the direction of travel of the
recording medium 90. The second edge E2 also serves as the
rear-side end of the second portion 2042 in the direction of
travel of the recording medium 90.

In FIG. 7, the dotted line indicates the midpoint position
between the first edge E1 and the second edge E2. This
midpoint position will be denoted by reference letter C.
Further, the front end face 20q is divided into two regions:
a first region R1 extending from the midpoint position C to
the first edge E1; and a second region R2 extending from the
midpoint position C to the second edge E2. The first region
R1 includes the first portion 20a1 and a part of the second
portion 204a2. The second region R2 includes the remainder
of the second portion 20a2.

The shield 17 overlaps only the first region R1 of the front
end face 20a of the core 20 when viewed in the direction
perpendicular to the medium facing surface 80 (the Y
direction). The shield 17 particularly overlaps only the first
portion 20a1 of the first region R1. A portion of the rear end
face 175 of the shield 17 is opposed to the first portion 20a1.
The portion of the rear end face 175 may or may not be in
contact with the first portion 20ql. In the latter case, a
portion of the cladding may be interposed between the
portion of the rear end face 175 and the first portion 20al.

The shield 17 includes an overlapping portion 17A which
overlaps the first region R1 (the first portion 20a1) when
viewed in the direction perpendicular to the medium facing
surface 80, and further includes a first non-overlapping
portion 17B and a second non-overlapping portion 17C
located on opposite sides of the overlapping portion 17A in
the track width direction (the X direction). In FIG. 5, the
boundaries between the overlapping portion 17A and the
first and second non-overlapping portions 17B and 17C are
indicated by dotted lines. The length of the overlapping
portion 17A in the direction perpendicular to the medium
facing surface 80 is constant regardless of position along the
track width direction.

The first and second non-overlapping portions 17B and
17C are located on opposite sides of the front end face 20a
of the core 20 in the track width direction when viewed in
the direction perpendicular to the medium facing surface 80.
Thus, the first and second non-overlapping portions 17B and
17C do not overlap the front end face 20a. The maximum
length of each of the first and second non-overlapping
portions 17B and 17C in the direction perpendicular to the
medium facing surface 80 is greater than the length of the
overlapping portion 17A in that direction. The top surface of
the first coupling section 15A is in contact with a portion of
the bottom surface 174 of the shield 17 that is included in the
first non-overlapping portion 17B. The top surface of the
first coupling section 15B is in contact with a portion of the
bottom surface 174 of the shield 17 that is included in the
second non-overlapping portion 17C.

The top surface 17¢ of the shield 17 and the evanescent
light generating surface 2056 of the core 20 are coplanar.
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Alternatively, the top surface 17¢ and the evanescent light
generating surface 206 may be at different locations in the
direction of travel of the recording medium 90 (the Z
direction). The plasmon exciting section 51c¢ of the main
body 51 of the plasmon generator 50 faces the top surface
17¢ and the evanescent light generating surface 205 with a
predetermined spacing from each of the top surface 17¢ and
the evanescent light generating surface 205. A portion of the
cladding layer 22 is interposed between the plasmon excit-
ing section 51c and each of the top surface 17¢ and the
evanescent light generating surface 205.

Now, the principle of generation of near-field light in the
present embodiment and the principle of thermally-assisted
magnetic recording using near-field light will be described
in detail. Laser light emitted from a laser diode (not illus-
trated) enters the core 20. As shown in FIG. 8, the laser light
60 propagates through the core 20 toward the medium facing
surface 80, and reaches the vicinity of the plasmon generator
50. The evanescent light generating surface 205 of the core
20 generates evanescent light based on the laser light 60
propagating through the core 20. More specifically, the laser
light 60 is totally reflected at the evanescent light generating
surface 204, and the evanescent light generating surface 205
thereby generates evanescent light that permeates into the
cladding layer 22. In the plasmon generator 50, surface
plasmons are excited on the plasmon exciting section 51¢ of
the main body 51 through coupling with the aforementioned
evanescent light. The surface plasmons propagate to the
near-field light generating surface 52a of the front protrusion
52, and near-field light is generated by the near-field light
generating surface 52a of the front protrusion 52 based on
the surface plasmons.

The near-field light generated by the near-field light
generating surface 52a is projected toward the recording
medium 90, reaches the surface of the recording medium 90
and heats a portion of the magnetic recording layer of the
recording medium 90. This lowers the coercivity of the
portion of the magnetic recording layer. In thermally-as-
sisted magnetic recording, the portion of the magnetic
recording layer with the lowered coercivity is subjected to a
write magnetic field produced by the main pole 30 for data
writing.

A method of manufacturing the thermally-assisted mag-
netic recording head according to the present embodiment
will now be described. The method of manufacturing the
thermally-assisted magnetic recording head includes the
steps of forming components of a plurality of thermally-
assisted magnetic recording heads, except the substrates 1,
on a wafer that includes portions to become the substrates 1
of the plurality of thermally-assisted magnetic recording
heads, thereby fabricating a substructure including a plural-
ity of pre-head portions arranged in rows, the plurality of
pre-head portions becoming individual thermally-assisted
magnetic recording heads later; and cutting the substructure
to separate the plurality of pre-head portions from each other
and forming the medium facing surface 80 for each of the
plurality of pre-head portions (this step will be referred to as
the step of forming the medium facing surface 80). A
plurality of thermally-assisted magnetic recording heads are
produced in this manner.

The method of manufacturing the thermally-assisted mag-
netic recording head according to the present embodiment
will be described in more detail below with attention
focused on a single thermally-assisted magnetic recording
head. The method of manufacturing the thermally-assisted
magnetic recording head starts with forming the insulating
layer 2, the bottom shield layer 3, and the bottom shield gap
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film 4 in this order on the substrate 1. Then, the MR element
5 and two leads (not illustrated) connected to the MR
element 5 are formed on the bottom shield gap film 4. The
top shield gap film 6 is then formed to cover the MR element
5 and the leads. Next, the top shield layer 7, the insulating
layer 8, the middle shield layer 9, and the nonmagnetic layer
10 are formed in this order on the top shield gap film 6.

The return pole layer 11 is then formed on the nonmag-
netic layer 10. Next, a non-illustrated insulating layer is
formed to cover the return pole layer 11. The non-illustrated
insulating layer is then polished by, for example, chemical
mechanical polishing (hereinafter referred to as CMP), until
the return pole layer 11 is exposed. Next, the coupling layers
12 and 13 are formed on the return pole layer 11. Then, the
insulating layer 14 is formed over the entire top surface of
the stack. The insulating layer 14 is then polished by, for
example, CMP, until the coupling layers 12 and 13 are
exposed.

Next, the cladding layer 19 is formed over the entire top
surface of the stack. The cladding layer 19 is then selectively
etched to form therein two first openings for exposing the
top surface of the coupling layer 12 and two second open-
ings for exposing the top surface of the coupling layer 13.
Next, the first coupling sections 15A and 15B are formed on
the coupling layer 12 at the locations of the first openings,
and the first layers of the second coupling sections 16A and
16B are formed on the coupling layer 13 at the locations of
the second openings. Then, the core 20 is formed on the
cladding layer 19. The cladding layer 21 is then formed over
the entire top surface of the stack. The cladding layer 21 is
then polished by, for example, CMP, until the core 20 and the
first layers of the second coupling sections 16A and 16B are
exposed. Then, the core 20 and the cladding layer 21 are
etched to form therein a receiving section for receiving the
shield 17. The shield 17 is then formed in the receiving
section.

Reference is now made to FIGS. 12A to 20B to describe
steps to be performed after the formation of the shield 17 up
to the step of providing an initial plasmon generator with the
first and second inclined surfaces 514l and 5142. The initial
plasmon generator is to become the plasmon generator 50
later. FIGS. 12A to 20B each show a stack of layers formed
in the process of manufacturing the thermally-assisted mag-
netic recording head. The first imaginary plane P1 shown in
some of these figures indicates the location at which the
medium facing surface 80 is to be formed.

Now, let n represent an integer 12, 13, 14, 15, 16, 19 or
20. FIG. nA shows a cross section that intersects the end face
30a of the main pole 30 and that is perpendicular to the
medium facing surface 80 and to the top surface 1a of the
substrate 1. FIG. nB shows a cross section of the stack taken
at the location at which the medium facing surface 80 is to
be formed. These figures omit the illustration of portions that
are closer to the substrate 1 relative to the core 20 and the
cladding layer 21. For ease of understanding, the shield 17,
the core 20 and the cladding layer 21 in these figures are
depicted smaller than they would be in actuality.

FIG. 17 is a perspective view showing a portion of the
stack. FIG. 18A shows the top surface of the portion of the
stack. FIG. 18B shows a cross section through the line
18B-18B on FIG. 18A. FIG. 18C shows a cross section
through the line 18C-18C on FIG. 18A. FIGS. 18B and 18C
omit the illustration of portions that are closer to the sub-
strate 1 relative to the cladding layer 22.

In the manufacturing method for the thermally-assisted
magnetic recording head, an underlying section serving as
an underlayer for the plasmon generator 50 is formed after
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the formation of the shield 17. FIGS. 12A to 13B show the
step of forming the underlying section. In the step of
forming the underlying section, first, the cladding layer 22 is
formed over the entire top surface of the stack as shown in
FIGS. 12A and 12B. Next, an initial dielectric layer 23P,
which will later become the dielectric layer 23, is formed on
the cladding layer 22. A photoresist mask (not illustrated) is
then formed on the initial dielectric layer 23P. The photo-
resist mask is formed by patterning a photoresist layer by
photolithography. Other photoresist masks to be used in later
steps will be formed in the same manner as this photoresist
mask. Using the photoresist mask as an etching mask, the
initial dielectric layer 23P is then etched by, for example, ion
beam etching (hereinafter referred to as IBE) until the
cladding layer 22 is exposed, as shown in FIGS. 13A and
13B. This makes the initial dielectric layer 23P into the
dielectric layer 23. The photoresist mask is then removed.

The underlying section includes a base portion, and an
upward protrusion protruding upward from the base portion.
In the present embodiment, the base portion is constituted by
the cladding layer 22, and the upward protrusion is consti-
tuted by the dielectric layer 23. The base portion has a top
surface constituted by the top surface 22a of the cladding
layer 22. The upward protrusion (the dielectric layer 23) has
a reference surface 23a which defines the location of the
front end face 514 of the lower protrusion 511.

In the present embodiment, the reference surface 23a is
formed by taper-etching the initial dielectric layer 23P. The
reference surface 23a is inclined with respect to a direction
perpendicular to the top surface 224 of the cladding layer 22
(the base portion), and intersects the first imaginary plane
P1. The reference surface 23a has at least one edge parallel
to the first imaginary plane P1. In the present embodiment,
the reference surface 23a has a first edge 2341 and a second
edge 23a2 as the aforementioned at least one edge. The first
edge. 234l is closest to the top surface 22a of the cladding
layer 22. The second edge 2342 is located opposite to the
first edge 23al.

FIGS. 14A and 14B show the next step. This step forms
an initial plasmon generator 50P which will later become the
plasmon generator 50. More specifically, first, a metal film
is formed on the top surface of the stack by sputtering, for
example. The metal film is formed such that the top surface
of its portion formed along the top surface 22a of the
cladding layer 22 is located at a higher level than the top
surface of the dielectric layer 23. The metal film may be
formed while heating the stack to a temperature of approxi-
mately 200° C. This makes it possible to prevent the
plasmon generator 50 from being deformed by heat gener-
ated by the plasmon generator 50 during use of the ther-
mally-assisted magnetic recording head. Then, the metal
film is polished by, for example, CMP, until the level of the
top surface 516 of the main body 51 of the plasmon
generator 50 is reached, whereby the top surface of the metal
film is flattened. This makes the metal film into the initial
plasmon generator 50P.

In the present embodiment, the initial plasmon generator
50P is formed to include an initial lower protrusion 511P
which will later become the lower protrusion 511. In FIG.
14 A, the boundary between the initial lower protrusion 511P
and the remaining portion of the initial plasmon generator
50P is indicated by a dotted line. The initial lower protrusion
511P includes the plasmon exciting section 51¢, and has an
initial front end face 51Pd which will later become the front
end face 51d. In the present embodiment, the initial plasmon
generator 50P is formed on the underlying section. More
specifically, the initial plasmon generator S0P is formed on
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the cladding layer 22 and the dielectric layer 23 such that the
plasmon exciting section 51¢ contacts the top surface of the
base portion, i.e., the top surface 22a of the cladding layer
22, and the initial front end face 51Pd contacts the reference
surface 23a of the upward protrusion (the dielectric layer
23).

FIGS. 15A and 15B show the next step. In this step, first,
a photoresist mask (not illustrated) is formed on the initial
plasmon generator S0P. Using the photoresist mask as an
etching mask, the initial plasmon generator 50P is then
etched by, for example, IBE, and thereby roughly patterned
so that the planar shape (the shape as viewed from above) of
the initial plasmon generator 50P approximates the planar
shape of the plasmon generator 50. The photoresist mask is
then removed.

Next, a mask material layer, which will later become a
first mask, is formed on the initial plasmon generator S0P.
The mask material layer is formed of carbon, for example.
Then, an etching mask (not illustrated) is formed on the
mask material layer. A hard mask is used as the etching
mask. The mask material layer is then etched by, for
example, reactive ion etching (hereinafter referred to as
RIE), using the etching mask. This makes the mask material
layer into the first mask 61. The first mask 61 is for defining
the width of the front protrusion 52 in the X direction (the
first direction), and is shaped like, for example, a rectangular
solid extending in a direction perpendicular to the first
imaginary plane P1. In this case, the first mask 61 has two
side surfaces opposite to each other in the track width
direction and perpendicular to the X direction (the first
direction). The first mask 61 is formed to intersect the first
imaginary plane P1. Then, the etching mask is removed.
Note that the first mask 61 may be formed before the initial
plasmon generator 50P is roughly patterned.

FIGS. 16A to 16C show the next step. In this step, a
second mask 62 for defining the location of the first and
second inclined surfaces 51al and 5142 is formed on the
initial plasmon generator 50P and the first mask 61. A
photoresist mask is used as the second mask 62. The second
mask 62 does not cover a portion of each of the initial
plasmon generator 50P and the first mask 61 near the first
imaginary plane P1. The second mask 62 has a front end face
facing toward the first imaginary plane P1. The portion of
the first mask 61 not covered with the second mask 62
protrudes from the front end face of the second mask 62 and
extends in the Y direction. This portion will hereinafter be
referred to as the protruding portion of the first mask 61.

FIG. 17 shows the next step. In this step, the initial
plasmon generator S0P is etched by IBE using the first and
second masks 61 and 62. This etching provides the initial
plasmon generator S0P with the first and second inclined
surfaces 51al and 5142, and an initial front protrusion 52P
which will later become the front protrusion 52. When IBE
is performed to etch the initial plasmon generator 50P, the
ion beams are allowed to travel in a direction parallel to the
two side surfaces of the first mask 61 and at an angle with
respect to the direction perpendicular to the top surface 22a
of the cladding layer 22 (the base portion). The arrows in
FIG. 17 indicate the direction of travel of the ion beams.

Reference is now made to FIGS. 18A to 18C to describe
a first method and a second method for controlling either one
or both of the location of the first edges E11 and E21 of the
first and second inclined surfaces 5141 and S1a2 and the
location of the second edges E12 and E22 of the first and
second inclined surfaces 51al and 5142 in the step of
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etching the initial plasmon generator 50P. FIGS. 18A and
18B omit the illustration of the first and second masks 61
and 62.

The first method uses at least one edge of the reference
surface 23a of the upward protrusion (the dielectric layer 23)
as a reference in controlling either one or both of the location
of'the first edges E11 and E21 and the location of the second
edges E12 and E22 of the first and second inclined surfaces
51a1 and 51a2.

As a concrete example of the first method, we will
describe the case of controlling the location of the first edges
E11 and E21 of the first and second inclined surfaces 51al
and 5142 by using the second edge 2342 of the reference
surface 23q as a reference. As shown in FIG. 18B, in the step
of etching the initial plasmon generator 50P, the etching
proceeds and thereby exposes the reference surface 23a
which has been covered with the initial plasmon generator
50P. As a result, the second edge 2342 of the reference
surface 23a becomes visible under an electron microscope.
The second edge 2342 is parallel to the first imaginary plane
P1 and located at a predetermined distance of zero or more
from the first imaginary plane P1. Thus, by identifying the
second edge 2342, it is possible to identity the location of the
first imaginary plane P1 and the location where to form the
first edges E11 and E21 of the first and second inclined
surfaces 51al and 51a2. The first method controls the
location of the first edges E11 and E21 of the first and second
inclined surfaces 51al and 5142 by adjusting, for example,
the etching duration or the inclination of the ion beams by
using, as a reference, the second edge 2342 of the reference
surface 23a thus identified. It is preferred to use a critical
dimension measurement scanning electron microscope as
the electron microscope.

The second method forms at least one indicator before the
formation of the initial plasmon generator 50P. Then, in the
step of etching the initial plasmon generator S0P, either one
or both of the location of the first edges E11 and E21 and the
location of the second edges E12 and E22 of the first and
second inclined surfaces 51al and 5142 are controlled by
using the at least one indicator as a reference.

The at least one indicator can be formed by using the
upward protrusion (the dielectric layer 23), for example.
FIG. 18A shows an example in which the upward protrusion
(the dielectric layer 23) has two indicator surfaces 235 and
23c¢. The indicator surfaces 236 and 235 are at different
locations from the reference surface 23a and the initial
plasmon generator 50P in the X direction. In the example
shown in FIG. 18A, the indicator surface 235 is located to
the left of the reference surface 23a and the initial plasmon
generator 50P in FIG. 18A. The indicator surface 23c is
located to the right of the reference surface 23« and the
initial plasmon generator 50P in FIG. 18A.

The indicator surfaces 235 and 23¢ are formed by taper-
etching the initial dielectric layer 23P, as is the reference
surface 23a. The indicator surfaces 236 and 23¢ may be
formed simultaneously with the formation of the reference
surface 23a. Each of the indicator surfaces 235 and 23c¢ is
inclined with respect to the direction perpendicular to the top
surface 22a of the cladding layer 22.

Each of the indicator surfaces 235 and 23c¢ has at least one
edge parallel to the first imaginary plane P1. The at least one
edge serves as the at least one indicator. In the example
shown in FIG. 18A, the indicator surface 235 has a third
edge 2351 closest to the top surface 22a of the cladding layer
22, and a fourth edge 2352 opposite to the third edge 2351.
The indicator surface 23¢ has a fifth edge 23¢1 closest to the
top surface 22a of the cladding layer 22, and a sixth edge
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23¢2 opposite to the fifth edge 23¢1. Each of the third to
sixth edges 2361, 2352, 23c¢1 and 23¢2 is located at a
predetermined distance of zero or more from the first
imaginary plane P1.

Now, we define a first region and a second region located
on opposite sides of the first imaginary plane P1 as follows.
The first region is a region where the first and second
inclined surfaces 51a1 and 5142 are present. The at least one
indicator may be located in the first imaginary plane or in the
first or second region. In the example shown in FIGS. 18A
and 18C, the fourth edge 2342 is located in the first
imaginary plane P1. The third, fifth and sixth edges 2351,
23¢1 and 23¢2 are located in the first region. As shown in
FIG. 18A, the sixth edge 23¢2 is particularly located at the
same distance from the first imaginary plane P1 as is the first
imaginary straight line LL1.

As a concrete example of the second method, we will
describe the case of controlling the location of the first edges
E11 and E21 of the first and second inclined surfaces 51al
and 5142 by using the fourth edge 23562 and the sixth edge
23¢2 as a reference. The indicator surfaces 235 and 23¢ may
be covered with a portion 50Q (see FIG. 18C) of the metal
film formed in the step of forming the initial plasmon
generator S0P, the portion 50Q being other than the portion
to be made into the initial plasmon generator 50P later. In
such a case, the step of etching the initial plasmon generator
50P also etches the portion 50Q. In the etching step, the
etching proceeds and thereby exposes the indicator surfaces
23b and 23¢ which have been covered with the portion 50Q.
Thus, by identifying the fourth edge 2352 of the indicator
surface 235 with an electron microscope, it is possible to
identify the location at which the medium facing surface 80
is to be formed. Further, identifying the sixth edge 23¢2 of
the indicator surface 23¢ with an electron microscope makes
it possible to identify the location of the first edges E11 and
E21 of the first and second inclined surfaces 51al and 51a2.
In this way, in the step of etching the initial plasmon
generator 50P, the location of the first edges E11 and E21 of
the first and second inclined surfaces 51al and 5142 can be
controlled by identifying the fourth edge 2352 and the sixth
edge 23c2.

In the first method, a portion of the reference surface 23a
may be covered with the second mask 62, or a dielectric film
of'the same material as the cladding layer 22 may be formed
to extend along the reference surface 23a. It is thereby
possible to prevent the second edge 2342 from becoming
fuzzy due to etching undergone by the reference surface 23a
when the initial plasmon generator 50P is etched. Similarly,
in the second method, the aforementioned dielectric film
may be formed to extend along the indicator surfaces 235
and 23c¢. This makes it possible to prevent the at least one
indicator from becoming fuzzy due to etching undergone by
the indicator surfaces 235 and 23¢ when the portion 50Q is
etched.

The first method may control the location of the second
edges E12 and E22 of the first and second inclined surfaces
51al and 5142 in the same manner as that in which the
location of the first edges E11 and E21 of'the first and second
inclined surfaces 51al and 5142 is controlled by using the
second edge 2342 of the reference surface 23a as a refer-
ence. Similarly, the second method may control the location
of the second edges E12 and E22 of the first and second
inclined surfaces S51al and 5142 in the same manner as that
in which the location of the first edges E11 and E21 of the
first and second inclined surfaces S1al and 5142 is con-
trolled by using the fourth edge 2352 and the sixth edge 232
as a reference. In such a case, the upward protrusion (the
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dielectric layer 23) may have an indicator surface having a
seventh edge parallel to the first imaginary plane P1. The
seventh edge is located at the same distance from the first
imaginary plane P1 as is the second imaginary straight line
L2. The seventh edge may be used as a reference in
controlling the location of the second edges E12 and E22 of
the first and second inclined surfaces 51al and 51a2.

Each of the first and second methods may control the
location of the first edges E11 and E21 only, the location of
the second edges E12 and E22 only, or both of the location
of'the first edges E11 and E21 and the location of the second
edges E12 and E22.

FIGS. 19A and 19B show a step that follows the etching
of the initial plasmon generator SOP. In this step, the second
mask 62 is removed. Then, the first mask 61 is removed as
shown in FIGS. 20A and 20B.

Now, steps to follow the step shown in FIGS. 20A and
20B will be described with reference to FIGS. 6 to 9. First,
the dielectric layer 24 is formed over the entire top surface
of the stack. The dielectric layer 24 is then polished by, for
example, CMP, until the initial plasmon generator 50P is
exposed. Then, the dielectric layer 25 is formed on a portion
of the top surface of each of the initial plasmon generator
50P and the dielectric layer 24 in the vicinity of the first
imaginary plane P1, and the dielectric layer 26 is formed on
another portion of the top surface of the dielectric layer 24
at a location away from the first imaginary plane P1. The
heat sink 27 is then formed on another portion of the top
surface of the initial plasmon generator 50P. The heat sink 27
is formed such that a portion thereof rides over the dielectric
layer 26.

Next, the cladding layer 22 and the dielectric layers 23, 24
and 26 are selectively etched to form therein two openings
for exposing the top surfaces of the first layers of the second
coupling sections 16A and 16B. Then, the second layers of
the second coupling sections 16A and 16B are formed on the
first layers thereof. The dielectric layer 28 is then formed
around the heat sink 27 and the second layers of the second
coupling sections 16A and 16B. The nonmagnetic metal film
29 is then formed on the dielectric layer 25 and the heat sink
27. Next, the main pole 30 is formed on the nonmagnetic
metal film 29, and the coupling layer 33 is formed on the
dielectric layer 28 and the second layers of the second
coupling sections 16A and 16B.

Next, the nonmagnetic metal film 31 is formed to cover
the main pole 30. Then, the heat sink 32 is formed around
the main pole 30. The insulating film 35 is then formed over
the entire top surface of the stack. Then, the first layer 34A
of the coil 34 is formed on the insulating film 35. The
insulating layer 36 is then formed over the entire top surface
of the stack. The nonmagnetic metal film 31, the insulating
film 35 and the insulating layer 36 are then polished by, for
example, CMP, until the main pole 30, the heat sink 32, the
coupling layer 33 and the first layer 34A are exposed. Next,
the insulating layer 37 is formed over the entire top surface
of the stack. The insulating layer 37 is then selectively
etched to form therein an opening for exposing the top
surface of the main pole 30 and an opening for exposing the
top surface of the coupling layer 33.

Next, the first layer 38A of the first yoke portion 38 is
formed on the main pole 30 and the insulating layer 37, and
the coupling layer 39 is formed on the coupling layer 33.
Then, the insulating film 40 is formed over the entire top
surface of the stack. The insulating layer 37 and the insu-
lating film 40 are then selectively etched to form therein
openings for exposing the coil connection 34E (see FIG. 10)
of the first layer 34 A of the coil 34. Then, the second layer
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34B of'the coil 34 is formed on the insulating film 40 and the
coil connection 34E. Next, the insulating layer 41 is formed
over the entire top surface of the stack. The insulating film
40 and the insulating layer 41 are then polished by, for
example, CMP, until the first layer 38A, the coupling layer
39 and the second layer 34B are exposed.

Next, the insulating layer 42 is formed on the second layer
34B of the coil 34 and the insulating layer 41. The second
layer 38B of the first yoke portion 38 is then formed on the
first layer 38A of the first yoke portion 38, the coupling layer
39 and the insulating layer 42. Next, the insulating layer 43
is formed over the entire top surface of the stack. The
insulating layer 43 is then polished by, for example, CMP,
until the second layer 38B is exposed. Then, the protective
layer 44 is formed to cover the second layer 38B and the
insulating layer 43. Wiring, terminals, and other components
are then formed on the top surface of the protective layer 44.
When the substructure is completed thus, the step of forming
the medium facing surface 80 is performed. A protective film
for covering the medium facing surface 80 may be formed
thereafter. Being provided with the medium facing surface
80, each pre-head portion becomes a thermally-assisted
magnetic recording head.

The step of forming the medium facing surface 80
includes the step of polishing the surface of each pre-head
portion that has resulted from cutting the substructure, and
the step of forming a rail on the polished surface for
allowing the slider to fly.

The step of forming the near-field light generating surface
52a is performed simultaneously with the step of forming
the medium facing surface 80. In the step of forming the
near-field light generating surface 52a, the near-field light
generating surface 52q is formed by polishing the initial
plasmon generator 50P so that the initial front protrusion
52P and the initial plasmon generator S0P become the front
protrusion 52 and the plasmon generator 50, respectively.

The foregoing description of the manufacturing method
for the thermally-assisted magnetic recording head includes
the description of the manufacturing method for the plasmon
generator 50 according to the present embodiment. The
manufacturing method for the plasmon generator 50 accord-
ing to the present embodiment includes the steps of forming
the initial plasmon generator S0P as shown in FIGS. 14A and
14B; forming the first mask 61 on the initial plasmon
generator 50P as shown in FIGS. 15A and 15B; and forming
the second mask 62 on the initial plasmon generator 50P and
the first mask 61 as shown in FIGS. 16A to 16C. The
manufacturing method for the plasmon generator 50 accord-
ing to the present embodiment further includes the step of
etching the initial plasmon generator 50P using the first and
second masks 61 and 62 as shown in FIG. 17, and the step
of forming the near-field light generating surface 52a.

The manufacturing method for the plasmon generator 50
according to the present embodiment further includes the
step of forming the underlying section before the formation
of'the initial plasmon generator 50P, as shown in FIGS. 12A
to 13B.

The specific functions and effects of the thermally-as-
sisted magnetic recording head according to the present
embodiment will now be described. The plasmon generator
50 according to the present embodiment includes the main
body 51 and the front protrusion 52. In the plasmon gen-
erator 50, surface plasmons are excited on the main body 51,
and the near-field light generating surface 52a of the front
protrusion 52 generates near-field light based on the surface
plasmons. Heat is generated particularly at the near-field
light generating surface 52qa of the front protrusion 52. Since
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the main body 51 is greater in volume than the front
protrusion 52, the main body 51 provides the heat sink effect
to dissipate the heat generated at the front protrusion 52.
Minimizing the distance between the near-field light gener-
ating surface 52q and the end of the main body 51 closest to
the near-field light generating surface 52a makes it possible
for the plasmon generator 50 to achieve enhanced efficien-
cies of heat dissipation and generation of near-field light.

Conventionally, however, any attempts to enhance the
efficiencies of heat dissipation and generation of near-field
light at the plasmon generator by modifying the shape of the
plasmon generator have resulted in difficulty in accurately
controlling the width of the near-field light generating sur-
face. This will be described below with reference to a
plasmon generator 150 of a comparative example.

The plasmon generator 150 of the comparative example
includes a narrow portion 151 and a wide portion 152, the
narrow portion 152 having a near-field light generating
surface and an end opposite thereto, the wide portion 152
being connected to the end of the narrow portion 151. FIG.
21 is a plan view showing a step of a manufacturing method
for the plasmon generator 150 of the comparative example.
The manufacturing method for the plasmon generator 150
first forms a metal film by sputtering, for example. Then, a
photoresist mask (not illustrated) is formed on the metal
film. The photoresist mask has the same planar shape as that
of the plasmon generator 150 of the comparative example.
Then, the metal film is etched by, for example, IBE, using
the photoresist mask as an etching mask. The etching mask
is then removed. Thereafter, the step of forming the near-
field light generating surface is performed to make the metal
film into the plasmon generator 150 of the comparative
example. In FIG. 21, the reference symbol P11 indicates an
imaginary plane including the near-field light generating
surface. For the sake of convenience, in FIG. 21 the metal
film before the formation of the near-field light generating
surface is denoted by the reference numeral 150.

In FIG. 21, the dotted lines indicate the design geometry
of the portion near the boundary between the narrow portion
151 and the wide portion 152. As shown in FIG. 21, the
design width of the narrow portion 151 in a direction parallel
to the imaginary plane P11 (the X direction) is constant
regardless of distance from the imaginary plane P11. How-
ever, with the manufacturing method for the plasmon gen-
erator 150 of the comparative example, it is difficult to
accurately form the portion near the boundary between
narrow portion 151 and wide portion 152 due to the limit of
photolithography. When actually formed, the portion near
the boundary between the narrow portion 151 and the wide
portion 152 is shaped with rounded corners, as shown by
solid lines in FIG. 21. Consequently, for the plasmon gen-
erator 150 of the comparative example, if attempts are made
to reduce the distance between the near-field light generating
surface (the imaginary plane P11) and the end of the wide
portion 152 closest to the near-field light generating surface
so as to enhance the efficiencies of heat dissipation and
generation of near-field light at the plasmon generator 150,
the width of the narrow portion 151 greatly varies to make
it difficult to accurately control the width of the near-field
light generating surface.

In contrast, the present embodiment makes it possible for
the plasmon generator 50 to provide enhanced efficiencies of
heat dissipation and generation of near-field light, and
allows for accurate control of the width of the near-field light
generating surface 52a. This will be described in detail
below.
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First, for the plasmon generator 50 according to the
present embodiment, we will define lower neck height and
upper neck height as follows. Lower neck height is the
distance from the medium facing surface 80 to the first edges
E11 and E21 of the first and second inclined surfaces 51al
and 51a2. Upper neck height is the distance from the
medium facing surface 80 to the second edges E12 and E22
of the first and second inclined surfaces 51al and 5142. In
the present embodiment, the upper neck height is greater
than the lower neck height. The present embodiment is thus
able to make the lower neck height as small as 10 nm or
below while allowing the upper neck height to be relatively
large.

Being able to provide a small lower neck height means
being able to provide a small distance between the near-field
light generating surface 524 and the end of the main body 51
closest to the near-field light generating surface 52aq, that is,
the first edges E11 and E21 of the first and second inclined
surfaces 51al and 51a2. Consequently, proving a small
lower neck height allows for enhancement of the heat sink
effect of the main body 51, that is, enhancement of the
efficiency of heat dissipation at the plasmon generator 50.
Further, providing a small lower neck height allows for a
reduction in the distance over which the surface plasmons
excited on the plasmon exciting section 51¢ of the main
body 51 propagate through the surface of the front protru-
sion 52, thus allowing for enhancement of the efficiency of
generation of near-field light at the plasmon generator 50.

On the other hand, providing a large upper neck height
allows the boundary between the main body 51 and the front
protrusion 52 to be located at a large distance from the
medium facing surface 80. This makes it possible to prevent
variations of the width of the front protrusion 52, thereby
allowing for accurate control the width of the near-field light
generating surface 52a. For the reasons described above, the
present embodiment makes it possible for the plasmon
generator 50 to provide enhanced efficiencies of heat dissi-
pation and generation of near-field light, and allows for
accurate control of the width of the near-field light gener-
ating surface 52a.

Further, according to the present embodiment, in order to
form the first and second inclined surfaces 51al and 51a2
and the initial front protrusion 52P, the initial plasmon
generator S0P is etched using the first mask 61 for defining
the width of the front protrusion 52 in the X direction (the
first direction) and the second mask 62 for defining the
location of the first and second inclined surfaces 5141 and
51a2.

Where IBE is employed to etch the initial plasmon
generator S0P, the ion beams are allowed to travel in a
direction parallel to the two side surfaces of the protruding
portion of the first mask 61 and at an angle with respect to
the direction perpendicular to the top surface 22a of the
cladding layer 22 (the base portion), as shown in FIG. 17.
Such etching results in the formation of the initial front
protrusion 52P having two side surfaces contiguous with the
two side surfaces of the protruding portion of the first mask
61. The two side surfaces of the initial front protrusion 52P
are perpendicular to the X direction (the first direction).
Further, the location and shape of the first and second
inclined surfaces 51al and 5142 can be controlled by the
location of the front end face of the second mask 62 and
etching conditions such as the direction of travel of the ion
beams, etching duration, etc. Consequently, the present
embodiment allows for accurate formation of the front
protrusion 52 and the first and second inclined surfaces 51al
and 51a2.
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Further, according to the present embodiment, it is pos-
sible to control the location of the first edges E11 and E21
of the first and second inclined surfaces 51al and 51a2 by
using the first or second method. The present embodiment
thus allows for accurate control of the lower neck height and
the upper neck height.

The other effects of the present embodiment will now be
described. In the present embodiment, when viewed in the
direction perpendicular to the medium facing surface 80, the
shield 17 overlaps only the first region R1 of the front end
face 20a of the core 20, the first region R1 being located
closer to the main pole 30 than the other region of the front
end face 20a. The present embodiment thus allows the end
face 30a of the main pole 30 and the end face 17a of the
shield 17 to be located closer to each other when compared
with the case where the shield 17 is located on the rear side
in the direction of travel of the recording medium 90 relative
to the core 20. More specifically, the present embodiment
makes it possible to bring the end face 30a and the end face
17a into close proximity to each other easily so that the
distance D falls within the range of 50 to 300 nm. Conse-
quently, the present embodiment allows the functions of the
shield 17 to be effectively exerted to increase the gradient of
the write magnetic field strength. The lower limit of the
distance D (50 nm) is a distance necessary to place the
near-field light generating surface 52a between the end face
30a and the end face 17a. To increase the gradient of the
write magnetic field strength, the distance D should be as
small as possible. In view of the foregoing, the distance D
is preferably in the range of 50 to 300 nm and more
preferably in the range of 50 to 100 nm.

In the present embodiment, the near-field light generating
surface 52a of the front protrusion 52 of the plasmon
generator 50 is located in the medium facing surface 80 and
interposed between the end face 30a and the end face 17a.
This makes it possible to produce a write magnetic field of
a large gradient of the write magnetic field strength in the
vicinity of the near-field light generating surface 52a. Con-
sequently, the present embodiment allows for enhancement
of linear recording density.

If the shield 17 and the front end face 20a of the core 20
are opposed to each other over a large area, the light 60
propagating through the core 20 may pass through the front
end face 20a and enter the shield 17, thereby causing the
shield 17 to be heated and expand. This will result in the
problem that the shield 17 will protrude toward the record-
ing medium 90 and thus readily collide with the recording
medium 90. In order to avoid this problem, the distance
between the medium facing surface 80 and the recording
medium 90 could be increased. However, this would lead to
deterioration in write characteristics such as overwrite prop-
erty or to an increase in error rate. In the present embodi-
ment, in contrast, the shield 17 overlaps only the first region
R1 of the front end face 20a when viewed in the direction
perpendicular to the medium facing surface 80. More spe-
cifically, the shield 17 is not present between at least the
second region R2 of the front end face 20a and the medium
facing surface 80. The present embodiment thus avoids the
configuration in which the shield 17 and the front end face
20a of the core 20 are opposed to each other over a large
area, thereby precluding the aforementioned problem.

To preclude the aforementioned problem with higher
reliability, the region of the front end face 20qa that the shield
17 overlaps when viewed in the direction perpendicular to
the medium facing surface 80 may be only a region extend-
ing from a position that is located closer to the first edge E1
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(not coinciding with the first edge E1) than is the midpoint
position C to the first edge E1.

Further, in the present embodiment, the shield 17 is
shaped to be greater in dimension in the track width direc-
tion (the X direction) than in dimension in the direction
perpendicular to the top surface 1a of the substrate 1 (the Z
direction). Consequently, even though the shield 17 overlaps
only the first region R1 of the front end face 20aq, it is
possible to connect the two first coupling sections 15A and
15B to two portions of the shield 17 that are opposite in the
track width direction.

In the present embodiment, the shield 17 formed of a
magnetic metal is provided in the vicinity of the near-field
light generating surface 52a on the leading side of the
plasmon generator 50. Since the top surface 17¢ of the shield
17 is located close to the plasmon exciting section 51¢ of the
plasmon generator 50, surface plasmons are excited also on
the top surface 17¢. Then, the electric line of force produced
by the surface plasmons on the plasmon exciting section 51c¢
and the electric line of force produced by the surface
plasmons on the top surface 17¢ of the shield 17 are coupled
to each other in the vicinity of the near-field light generating
surface 52a. This produces a high-density electric line of
force in a narrow area in the vicinity of the near-field light
generating surface 52a. The spread of the near-field light
generated by the near-field light generating surface 52q is
thereby suppressed. Thus, the shield 17 of the present
embodiment has also the function of suppressing the spread
of near-field light. By virtue of this function, the present
embodiment allows for a reduction in track width to achieve
higher recording density.

Further, in the present embodiment, the maximum length
of'each of'the first and second non-overlapping portions 17B
and 17C of the shield 17 in the direction perpendicular to the
medium facing surface 80 is greater than the length of the
overlapping portion 17A of the shield 17 in that direction.
This feature of the present embodiment makes it possible to
enhance the aforementioned function of the shield 17 while
preventing magnetic flux from being saturated at some
midpoint in the shield 17.

Modification Examples

First to fourth modification examples of the plasmon
generator 50 according to the present embodiment will now
be described. FIG. 22 is a plan view showing the first
modification example of the plasmon generator 50. In the
first modification example, the top surface 5154 of the main
body 51 of the plasmon generator 50 is shaped differently
than in FIGS. 1 and 2. More specifically, in the first
modification example, the width of the top surface 515 in the
track width direction (the X direction) gradually increases
with increasing distance from the first imaginary plane P1
(the medium facing surface 80), and then becomes constant.

FIG. 23 is a plan view showing the second modification
example of the plasmon generator 50. In the second modi-
fication example, the top surface 515 of the main body 51 of
the plasmon generator 50 is shaped differently than in FIGS.
1 and 2. More specifically, in the second modification
example, most part of the top surface 515 increases in width
in the track width direction (the X direction) with increasing
distance from the first imaginary plane P1 (the medium
facing surface 80).

The three plasmon generators 50 shown in FIG. 2, FIG. 22
and FIG. 23 are different from each other in the length of the
first and second inclined surfaces 51al and 5142 in the track
width direction (the X direction) because of the differences
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in shape among the top surfaces 515 of the main bodies 51
of the plasmon generators 50. Increasing the length of the
first and second inclined surfaces 5141 and 5142 allows for
enhancement of the heat sink effect of the main body 51, that
is, enhancement of the efficiency of heat dissipation at the
plasmon generator 50.

The manufacturing method for the plasmon generator 50
according to the present embodiment allows the method for
forming the front protrusion 52 and the first and second
inclined surfaces 51al and 5142 to remain the same even if
the shape of the top surface 515 of the main body 51 of the
plasmon generator 50 varies. Consequently, according to the
present embodiment, the length of the first and second
inclined surfaces 51al and 5142 in the track width direction
(the X direction) can be varied without changing the upper
or lower neck height or the width of the front protrusion 52
in the track width direction (the X direction).

FIG. 24 is a perspective view showing the third modifi-
cation example of the plasmon generator 50. In the third
modification example, the first and second inclined surfaces
51al and 5142 of the main body 51 of the plasmon generator
50 are shaped differently than in FIG. 1. More specifically,
in the third modification example, each of the first inclined
surface 5141 and the second inclined surface 5142 includes
a plurality of planar portions that form different angles with
respect to the second imaginary plane P2 (see FIG. 3). In the
example shown in FIG. 24, the first inclined surface 51al
includes first and second planar portions forming different
angles with respect to the second imaginary plane P2, and
the second inclined surface 5142 includes third and fourth
planar portions forming different angles with respect to the
second imaginary plane P2.

The first planar portion of the first inclined surface 51al
includes the first edge E11. The second planar portion of the
first inclined surface 51a1 is contiguous with the first planar
portion and includes the second edge E12. In the example
shown in FIG. 24, the first planar portion forms a greater
angle with respect to the second imaginary plane P2 than
does the second planar portion.

The third planar portion of the second inclined surface
5142 includes the first edge E21. The fourth planar portion
of the second inclined surface 5142 is contiguous with the
third planar portion and includes the second edge E22. In the
example shown in FIG. 24, the third planar portion forms a
greater angle with respect to the second imaginary plane P2
than does the fourth planar portion.

FIG. 25 is a perspective view showing the fourth modi-
fication example of the plasmon generator 50. In the fourth
modification example, the first and second inclined surfaces
51al and 5142 of the main body 51 of the plasmon generator
50 are shaped differently than in FIG. 1. More specifically,
in the fourth modification example, at least part of each of
the first and second inclined surfaces 51al and 5142 is
curved. In the example shown in FIG. 25, the first inclined
surface 51al includes a planar portion including the first
edge FE11, and a curved portion contiguous with the planar
portion and including the second edge E12. The second
inclined surface 5142 includes a planar portion including the
first edge E21, and a curved portion contiguous with the
planar portion and including the second edge E22.

Second Embodiment

A plasmon generator according to a second embodiment
of the invention will now be described with reference to
FIG. 26. FIG. 26 is a perspective view showing the plasmon
generator 50 according to the present embodiment. In the
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present embodiment, the thickness (the dimension in the Z
direction) of the plasmon generator 50 and the dimension of
the near-field light generating surface 52q in the Z direction
are smaller than in the first embodiment.

Reference is now made to FIG. 27 to describe how the
manufacturing method for the plasmon generator 50 accord-
ing to the present embodiment differs from the manufactur-
ing method according to the first embodiment. FIG. 27
shows a stack of layers formed in the process of manufac-
turing a thermally-assisted magnetic recording head includ-
ing the plasmon generator 50 according to the present
embodiment. The components of the thermally-assisted
magnetic recording head, except the plasmon generator 50,
are shaped and located as in the first embodiment. FIG. 27
shows a cross section that intersects the end face 30a of the
main pole 30 and that is perpendicular to the medium facing
surface 80 and to the top surface 1a of the substrate 1. FIG.
27 omits the illustration of portions that are closer to the
substrate 1 relative to the core 20 and the cladding layer 21.
The medium facing surface 80, the substrate 1 and the main
pole 30 are shown in FIGS. 8 and 9.

The step of forming the initial plasmon generator 50P in
the present embodiment differs from that in the first embodi-
ment. The present embodiment first forms a metal film on
the top surface of the stack by sputtering, for example. The
metal film is formed such that its portion extending along the
top surface 22a of the cladding layer 22 is higher in level
than the top surface of the dielectric layer 23. The metal film
is then polished by, for example, CMP, until the dielectric
layer 23 is exposed, whereby the top surfaces of the dielec-
tric layer 23 and the metal film are made even with each
other. This makes the metal film into the initial plasmon
generator 50.

Supposing the thickness of the dielectric layer 23 in the
present embodiment is the same as that in the first embodi-
ment, the thickness of the initial plasmon generator 50P is
smaller than in the first embodiment. As a result, the
thickness of the plasmon generator 50 is also smaller than in
the first embodiment.

The remainder of configuration, function and effects of
the present embodiment are similar to those of the first
embodiment.

Third Embodiment

A plasmon generator according to a third embodiment of
the invention will now be described with reference to FIG.
28. FIG. 28 is a perspective view showing the plasmon
generator 50 according to the present embodiment. The
plasmon generator 50 according to the present embodiment
is configured differently than in the first embodiment in the
following ways. In the present embodiment, the main body
51 of the plasmon generator 50 has an end face 5le in
addition to the first and second inclined surfaces 51a1 and
51a2, the top surface 515 and the plasmon exciting section
51c. The end face 51e is included in the first imaginary plane
P1. The end face 51e is located on the rear side in the
direction of travel of the recording medium 90 relative to the
near-field light generating surface 52q of the front protrusion
52 of the plasmon generator 50.

As has been described in relation to the first embodiment,
the first edge E11 of the first inclined surface 51a1 and the
first edge E21 of the second inclined surface 5142 are
located on the first imaginary straight line L1 (see FIG. 2)
extending in the X direction (the first direction). In the
present embodiment, the first imaginary straight line L1 is
included in the first imaginary plane P1. The first edge E11
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forms the boundary between the end face 51e and the first
inclined surface 51al, and the second edge E21 forms the
boundary between the end face 51e and the second inclined
surface 5142. In the present embodiment, the main body 51
does not include the lower protrusion 511 (see FIGS. 1 and
3.

Reference is now made to FIG. 29 to describe how the
manufacturing method for the plasmon generator 50 accord-
ing to the present embodiment differs from the manufactur-
ing method according to the first embodiment. FIG. 29 is a
perspective view showing part of a stack of layers formed in
the process of manufacturing a thermally-assisted magnetic
recording head including the plasmon generator 50 accord-
ing to the present embodiment. The thermally-assisted mag-
netic recording head does not include the dielectric layer 23
described in the first embodiment section. The components
of the thermally-assisted magnetic recording head, except
the plasmon generator 50 and the dielectric layer 23, are
shaped and located as in the first embodiment.

In place of the step of forming the dielectric layer 23
described in the first embodiment section, the present
embodiment performs the step of forming two indicator
protrusions 231 and 232 before the formation of the initial
plasmon generator 50P. The indicator protrusions 231 and
232 are formed to protrude upward from the cladding layer
22 at locations different in the X direction from the location
at which the initial plasmon generator 50P is to be formed.
Each of the indicator protrusions 231 and 232 has an
indicator surface. The indicator surface may be perpendicu-
lar to the top surface 22a of the cladding layer 22 or be
inclined with respect to the direction perpendicular to the top
surface 22a of the cladding layer 22.

The indicator surface of the indicator protrusion 231 has
an edge 231a which is parallel to the first imaginary plane
P1 and farthest from the top surface 22a of the cladding
layer 22. The indicator surface of the indicator protrusion
232 has an edge 232a which is parallel to the first imaginary
plane P1 and farthest from the top surface 22a of the
cladding layer 22. The edge 231a is located in the first
imaginary plane P1. The edge 232a is located at the same
distance from the first imaginary plane P1 as is the second
imaginary straight line [.2 described in relation to the first
embodiment. The edges 231a and 232a correspond to the
indicator of the present invention.

The step of etching the initial plasmon generator 50P in
the present embodiment differs from that in the first embodi-
ment. In the step of etching the initial plasmon generator
50P, the initial plasmon generator S0P is etched so that the
first and second inclined surfaces 51a1 and 5142 are formed.
The initial plasmon generator 50P is thus provided with a
first initial inclined surface 51Pal including the first inclined
surface 51al and a second initial inclined surface 51Pa2
including the second inclined surface 51a2. In the present
embodiment, the initial plasmon generator S0P is etched
such that the first and second initial inclined surfaces 51Pal
and 51Pa2 intersect the first imaginary plane P1.

Further, in the step of etching the initial plasmon genera-
tor 50P, the location of the second edges E12 and E22 of the
first and second inclined surfaces S1al and 5142 is con-
trolled by using the edges 231a and 232q as a reference. The
indicator protrusions 231 and 232 may be covered with a
portion of the metal film formed in the step of forming the
initial plasmon generator 50P, the portion being other than
that to be made into the initial plasmon generator S0P later.
In such a case, the step of etching the initial plasmon
generator 50P also etches the aforementioned portion of the
metal film. In the etching step, the etching proceeds and
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thereby exposes the indicator protrusions 231 and 232 which
have been covered with the aforementioned portion of the
metal film. It thus becomes possible, by identifying the edge
231a of the indicator protrusion 231 with an electron micro-
scope, to identify the location at which the medium facing
surface 80 is to be formed. Further, identifying the edge
232a of the indicator protrusion 232 with an electron micro-
scope makes it possible to identify the location of the second
edges E12 and E22 of the first and second inclined surfaces
51al and 5142. In this way, in the step of etching the initial
plasmon generator S0P, the location of the second edges E12
and E22 of the first and second inclined surfaces 51al and
51a2 can be controlled by identifying the edges 2314 and
232a.

The first edges E11 and E21 of the first and second
inclined surfaces S1al and 5142 shown in FIG. 28 are
formed by polishing the initial plasmon generator 50P in the
step of forming the near-field light generating surface 52aq.
The location of the first edges E11 and E21 of the first and
second inclined surfaces 51al and 51a2 is the location at
which the first and second initial inclined surfaces 51Pal
and 51Pa2 intersect the first imaginary plane P1. The end
face 51e of the main body 51 of the plasmon generator 50
is also formed in the step of forming the near-field light
generating surface 52a.

The remainder of configuration, function and effects of
the present embodiment are similar to those of the first
embodiment.

Fourth Embodiment

A plasmon generator according to a fourth embodiment of
the invention will now be described with reference to FIG.
30. FIG. 30 is a perspective view showing the plasmon
generator 50 according to the present embodiment. In the
present embodiment, the front end face 51d of the lower
protrusion 511 of the main body 51 of the plasmon generator
50 is parallel to the first imaginary plane P1.

Reference is now made to FIG. 31 to describe how the
manufacturing method for the plasmon generator 50 accord-
ing to the present embodiment differs from the manufactur-
ing method according to the first embodiment. FIG. 31
shows a stack of layers formed in the process of manufac-
turing a thermally-assisted magnetic recording head includ-
ing the plasmon generator 50 according to the present
embodiment. The components of the thermally-assisted
magnetic recording head, except the plasmon generator 50,
are shaped and located as in the first embodiment. FIG. 31
shows a cross section that intersects the end face 30a of the
main pole 30 and that is perpendicular to the medium facing
surface 80 and to the top surface 1a of the substrate 1. FIG.
31 omits the illustration of portions that are closer to the
substrate 1 relative to the core 20 and the cladding layer 21.
The medium facing surface 80, the substrate 1 and the main
pole 30 are shown in FIGS. 8 and 9.

The step of forming the underlying section to underlie the
plasmon generator 50 in the present embodiment is different
from that in the first embodiment. In the step of forming the
underlying section, the initial dielectric layer 23P, which will
later become the dielectric layer 23, is etched to provide the
initial dielectric layer 23P with the reference surface 234. In
the present embodiment, the initial dielectric layer 23P is
etched perpendicularly so that the reference surface 23a
becomes parallel to the first imaginary plane P1. Thereafter,
the initial plasmon generator 50P is formed in the same
manner as the first embodiment. As a result, the initial front
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end face 51Pd, which will later become the front end face
51d, becomes parallel to the first imaginary plane P1.

The remainder of configuration, function and effects of
the present embodiment are similar to those of the first
embodiment.

Fifth Embodiment

A plasmon generator according to a fifth embodiment of
the invention will now be described with reference to FIG.
32. FIG. 32 is a perspective view showing the plasmon
generator 50 according to the present embodiment. In the
present embodiment, the main body 51 of the plasmon
generator 50 does not include the lower protrusion 511 (see
FIGS. 1 and 3). The first edge E11 forms the boundary
between the plasmon exciting section 51c¢ of the main body
51 and the first inclined surface 51al. The second edge E21
forms the boundary between the plasmon exciting section
51c¢ and the second inclined surface 51a2.

Reference is now made to FIG. 33 to describe how the
manufacturing method for the plasmon generator 50 accord-
ing to the present embodiment differs from the manufactur-
ing method according to the first embodiment. FIG. 33 is a
perspective view showing part of a stack of layers formed in
the process of manufacturing a thermally-assisted magnetic
recording head including the plasmon generator 50 accord-
ing to the present embodiment. The thermally-assisted mag-
netic recording head does not include the dielectric layer 23
described in the first embodiment section. The components
of the thermally-assisted magnetic recording head, except
the plasmon generator 50 and the dielectric layer 23, are
shaped and located as in the first embodiment.

In place of the step of forming the dielectric layer 23
described in the first embodiment section, the present
embodiment performs the step of forming the two indicator
protrusions 231 and 232 described in the third embodiment
section. In the present embodiment, the edge 232a of the
indicator surface of the indicator protrusion 232 is located at
the same distance from the first imaginary plane P1 as is the
first imaginary straight line .1 described in the first embodi-
ment section.

Further, the step of etching the initial plasmon generator
50P in the present embodiment is different from that in the
first embodiment. In the step of etching the initial plasmon
generator S0P, either one or both of the location of the first
edges E11 and E21 and the location of the second edges E12
and E22 of the first and second inclined surfaces 51al and
51a2 are controlled by using the edges 231a and 2324 as a
reference, as in the third embodiment. According to the
present embodiment, it is possible to identify the location of
the first edges E11 and E21 of the first and second inclined
surfaces 51al and 5142 by identifying the edge 2324 of the
indicator protrusion 232 with an electron microscope.

The remainder of configuration, function and effects of
the present embodiment are similar to those of the first or
third embodiment.

Sixth Embodiment

A thermally-assisted magnetic recording head according
to a sixth embodiment of the invention will now be
described with reference to FIG. 34 to FIG. 38. FIG. 34 is
a perspective view showing the main part of the thermally-
assisted magnetic recording head. FIG. 35 is a cross-sec-
tional view showing the configuration of the thermally-
assisted magnetic recording head. FIG. 36 is a front view
showing the medium facing surface of the thermally-assisted
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magnetic recording head. FIG. 37 is a plan view showing a
first layer of the coil of the present embodiment. FIG. 38 is
a plan view showing a second layer of the coil of the present
embodiment.

The thermally-assisted magnetic recording head accord-
ing to the present embodiment is configured differently than
in the first embodiment in the following ways. The ther-
mally-assisted magnetic recording head according to the
present embodiment includes a shield 71 formed of a
magnetic material, in place of the shield 17. Further, the
components of the return path section R of the first embodi-
ment other than the first yoke portion 38, that is, the return
pole layer 11, the coupling layers 12, 13, 33 and 39, the first
coupling sections 15A and 15B, and the second coupling
sections 16A and 16B, are eliminated from the present
embodiment. Instead, the return path section R of the present
embodiment includes a second yoke portion 77A, a first
columnar portion 78, a second columnar portion 73, and a
third columnar portion 74. Further, the present embodiment
is not provided with the insulating layer 14 and the non-
illustrated insulating layer around the return pole layer 11.

The shield 71 lies on the nonmagnetic layer 10. As shown
in FIG. 34, the shield 71 has an end face 71a located in the
medium facing surface 80, a rear end face 715 located
opposite to the end face 714, and a top surface 71¢. The end
face 30a of the main pole 30 and the end face 71a of the
shield 71 are at locations different from each other in the
direction of travel of the recording medium 90. In the
present embodiment, the end face 71a of the shield 71 is
located on the rear side in the direction of travel of the
recording medium 90 relative to the end face 30a of the main
pole 30.

The shield 71 includes a central portion 71A, a first side
portion 71B and a second side portion 71C, the first and
second side portions 71B and 71C being located on opposite
sides of the central portion 71A in the track width direction
(the X direction). The length of the central portion 71A in the
direction perpendicular to the medium facing surface 80 is
constant regardless of position along the track width direc-
tion. The maximum length of each of the side portions 71B
and 71C in the direction perpendicular to the medium facing
surface 80 is greater than the length of the central portion
71A in that direction.

The thermally-assisted magnetic recording head accord-
ing to the present embodiment includes an insulating layer
72 lying on the nonmagnetic layer 10 and surrounding the
shield 71. The insulating layer 72 is formed of alumina, for
example.

The thermally-assisted magnetic recording head accord-
ing to the present embodiment further includes a magnetic
layer 77 formed of a magnetic material. The magnetic layer
77 is embedded in the cladding layer 22 and the dielectric
layers 23, 24, 26 and 28. The magnetic layer 77 is located at
a predetermined distance from the main pole 30.

As shown in FIG. 34, the magnetic layer 77 has a front
end face 77a facing toward the medium facing surface 80,
a bottom surface 775, and a top surface 77¢. The front end
face 77a of the magnetic layer 77 includes a first portion
77al, a second portion 7742 and a third portion 7743, the
second and third portions 7742 and 7743 being located on
opposite sides of the first portion 774l in the track width
direction. The first portion 77al is shaped to be recessed
such that the center of the first portion 77al in the track
width direction is farthest from the medium facing surface
80. The first portion 7741 is disposed to surround the main
pole 30. The second and third portions 7742 and 7743 are
located in the medium facing surface 80.
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The magnetic layer 77 includes the second yoke portion
77A as its main portion. The magnetic layer 77 further
includes two coupling sections 77B and 77C coupled to the
second yoke portion 77A, the two coupling sections 77B and
77C being located on opposite sides of the main pole 30 and
the plasmon generator 50 in the track width direction in the
vicinity of the medium facing surface 80. In FIG. 34, the
boundaries between the second yoke portion 77A and the
coupling sections 77B and 77C are indicated by dotted lines.
The coupling section 77B includes the second portion 7742
of'the front end face 77a. The coupling section 77C includes
the third portion 77a3 of the front end face 77a.

The thermally-assisted magnetic recording head accord-
ing to the present embodiment further includes two magnetic
layers 75 and 76 each formed of a magnetic material. The
magnetic layers 75 and 76 are located on opposite sides of
the core 20 in the track width direction in the vicinity of the
medium facing surface 80. The magnetic layers 75 and 76
penetrate the cladding layers 19 and 21 and connect the
shield 71 and the magnetic layer 77 to each other.

Each of the magnetic layers 75 and 76 has a front end face
located in the medium facing surface 80, a top surface, and
a bottom surface. The bottom surface of the magnetic layer
75 is in contact with a portion of the top surface 71c¢ of the
shield 71 that is included in the first side portion 71B. The
bottom surface of the magnetic layer 76 is in contact with a
portion of the top surface 71¢ of the shield 71 that is included
in the second side portion 71C. The top surface of the
magnetic layer 75 is in contact with a portion of the bottom
surface 775 of the magnetic layer 77 that is included in the
coupling section 77B. The top surface of the magnetic layer
76 is in contact with a portion of the bottom surface 775 of
the magnetic layer 77 that is included in the coupling section
77C.

The second columnar portion 73 is constituted by the
magnetic layer 75 and the coupling section 77B of the
magnetic layer 77. The third columnar portion 74 is consti-
tuted by the magnetic layer 76 and the coupling section 77C
of the magnetic layer 77. As shown in FIGS. 34 and 36, the
second columnar portion 73 and the third columnar portion
74 are located on opposite sides of the main pole 30 and the
plasmon generator 50 in the track width direction and spaced
from the main pole 30 and the plasmon generator 50.

As described above, since each of the magnetic layers 75
to 77 is formed of magnetic metal, each of the second and
third columnar portions 73 and 74 is also formed of mag-
netic metal.

The first columnar portion 78 has a first end 784 and a
second end 78b located opposite to each other in the
direction of travel of the recording medium 90. In the
present embodiment, the first end 78a lies at the trailing-side
end of the first columnar portion 78, i.e., the front-side end
of the first columnar portion 78 in the direction of travel of
the recording medium 90, whereas the second end 785 lies
at the leading-side end of the first columnar portion 78, i.e.,
the rear-side end of the first columnar portion 78 in the
direction of travel of the recording medium 90.

The first columnar portion 78 includes a first layer 78A
and a second layer 78B. The first layer 78A includes the
second end 784 and lies on a portion of the top surface 77¢
of the magnetic layer 77 at a location farther from the
medium facing surface 80 than the main pole 30. The second
layer 78B includes the first end 78a and lies on the first layer
78A.

In the present embodiment, the first layer 34A of the coil
34 is wound around the first layer 78 A of the first columnar
portion 78. The insulating film 35 is interposed between the
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first layer 34 A and the first layer 78 A. The second layer 34B
of the coil 34 is wound around the second layer 78B of the
first columnar portion 78. The insulating film 40 is inter-
posed between the second layer 34B and the second layer
78B. The second layer 38B of the first yoke portion 38 lies
on the first layer 38A of the first yoke portion 38, the second
layer 78B of the first columnar portion 78 and the insulating
layer 42.

As has been described, the return path section R of the
present embodiment includes the first yoke portion 38, the
second yoke portion 77A, the first columnar portion 78, the
second columnar portion 73, and the third columnar portion
74. As shown in FIGS. 34 and 35, the first yoke portion 38,
the second yoke portion 77A and the first columnar portion
78 are located on the same side in the direction of travel of
the recording medium 90 relative to the core 20. In the
present embodiment, the first yoke portion 38, the second
yoke portion 77A and the first columnar portion 78 are
located on the trailing side, i.e., the front side in the direction
of travel of the recording medium 90, relative to the core 20.
The first columnar portion 78 has the first end 784 and the
second end 78b, and is located away from the medium
facing surface 80. As shown in FIG. 34, the second and third
columnar portions 73 and 74 are located closer to the
medium facing surface 80 than is the first columnar portion
78.

The first yoke portion 38 connects the main pole 30 to the
first end 78a of the first columnar portion 78. The second
columnar portion 73 and the third columnar portion 74 are
located on opposite sides of the plasmon generator 50 in the
track width direction and are connected to the shield 71. The
second yoke portion 77A is connected to the second end 786
of the first columnar portion 78, and is connected to the
shield 71 via the second and third columnar portions 73 and
74.

The shield 71 has the same functions as those of the shield
17 described in the first embodiment section. Specifically,
the shield 71 has the functions of: capturing a disturbance
magnetic field applied to the thermally-assisted magnetic
recording head from the outside thereof; capturing a mag-
netic flux that is produced from the end face 30a of the main
pole 30 and spreads in directions other than the direction
perpendicular to the plane of the recording medium 90, and
thereby preventing the magnetic flux from reaching the
recording medium 90; and allowing a magnetic flux that has
been produced from the end face 30a of the main pole 30 and
has magnetized a portion of the recording medium 90 to flow
back to the main pole 30.

As shown in FIG. 37, the first layer 34 A of the coil 34 is
wound approximately three times around the first layer 78 A
of the first columnar portion 78. As shown in FIG. 38, the
second layer 34B of the coil 34 is wound approximately
three times around the second layer 78B of the first columnar
portion 78.

The specific functions and effects of the thermally-as-
sisted magnetic recording head according to the present
embodiment will now be described. In the present embodi-
ment, the near-field light generating surface 52a of the front
protrusion 52 of the plasmon generator 50 is located
between the end face 30a of the main pole 30 and the end
face 71a of the shield 71. A portion of the core 20 is located
in the vicinity of the plasmon generator 50. The core 20 and
the return path section R are configured to intersect each
other without contacting each other. More specifically, the
second and third columnar portions 73 and 74 of the return
path section R are located on opposite sides of the core 20
in the track width direction without contacting the core 20.
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In the present embodiment, the first yoke portion 38, the
second yoke portion 77A and the first columnar portion 78
are located on the same side in the direction of travel of the
recording medium 90 relative to the core 20, and the coil 34
is wound around the first columnar portion 78. The present
embodiment allows the first columnar portion 78 to be small
in width in the track width direction regardless of distance
between the respective outer ends of the second and third
columnar portions 73 and 74 in the track width direction.
The present embodiment thus allows the coil 34 to be
smaller in entire length and accordingly lower in resistance
when compared with the first embodiment.

The plasmon generator 50 in the present embodiment may
have the same shape as in any of the second to fifth
embodiments. The remainder of configuration, function and
effects of the present embodiment are similar to those of any
of the first to fifth embodiments.

The present invention is not limited to the foregoing
embodiments, and various modifications may be made
thereto. For example, as far as the requirements of the
appended claims are met, the main body 51 and the front
protrusion 52 of the plasmon generator 50 may be shaped as
desired, and need not necessarily be shaped as in the
respective examples illustrated in the foregoing embodi-
ments.

Obviously, many modifications and variations of the
present invention are possible in the light of the above
teachings. Thus, it is to be understood that, within the scope
of the appended claims and equivalents thereof, the inven-
tion may be practiced in other than the foregoing most
preferable embodiments.

What is claimed is:

1. A plasmon generator comprising a main body, and a
front protrusion protruding from the main body, wherein

the front protrusion has a proximal portion which is a

boundary with the main body, and a near-field light
generating surface which is a protruding end,

the main body has a first inclined surface and a second

inclined surface each facing toward a first imaginary
plane including the near-field light generating surface,
the first inclined surface and the second inclined surface
are at a distance from each other and aligned in a first
direction parallel to the first imaginary plane,
each of the first inclined surface and the second inclined
surface has a first edge located at a smallest distance
from the first imaginary plane, and a second edge
located at a largest distance from the first imaginary
plane,
the first edge and the second edge of each of the first and
second inclined surfaces are both straight-line shaped,

an entirety of the first edge of the first inclined surface and
an entirety of the first edge of the second inclined
surface are located on a first imaginary straight line
extending in the first direction,

an entirety of the second edge of the first inclined surface

and an entirety of the second edge of the second
inclined surface are located on a second imaginary
straight line extending in the first direction,

each of the first inclined surface and the second inclined

surface is inclined with respect to both of the first
imaginary plane and a second imaginary plane, the
second imaginary plane including the first imaginary
straight line and being perpendicular to the first imagi-
nary plane,

the proximal portion of the front protrusion is located

between the first inclined surface and the second
inclined surface, and

10

15

20

30

35

40

45

50

55

60

65

38

the plasmon generator is configured to excite a surface
plasmon on the main body based on light, and to
generate near-field light from the near-field light gen-
erating surface of the front protrusion based on the
surface plasmon.

2. The plasmon generator according to claim 1, wherein
the main body has a top surface, and a plasmon exciting
section located opposite to the top surface, the top surface
including the second edge of each of the first and second
inclined surfaces, the plasmon exciting section being con-
figured to excite the surface plasmon thereon.

3. The plasmon generator according to claim 2, wherein

the main body includes a lower protrusion located on a
side of the second imaginary plane opposite from the
top surface, and

the lower protrusion includes the plasmon exciting sec-
tion, and has a front end face facing toward the first
imaginary plane and not included in the first imaginary
plane.

4. The plasmon generator according to claim 3, wherein

the front end face of the lower protrusion is inclined with
respect to both of the first imaginary plane and the
second imaginary plane, and

the front end face has a third edge located at a smallest
distance from each of the first imaginary plane and the
second imaginary plane, and a fourth edge located at a
largest distance from each of the first imaginary plane
and the second imaginary plane.

5. The plasmon generator according to claim 3, wherein
the front end face of the lower protrusion is parallel to the
first imaginary plane.

6. The plasmon generator according to claim 1, wherein
the first imaginary straight line is located at a distance from
the first imaginary plane.

7. The plasmon generator according to claim 1, wherein
the first imaginary straight line is included in the first
imaginary plane.

8. The plasmon generator according to claim 1, wherein
a straight line that connects two points on each of the first
and second inclined surfaces forms an angle of 30° to 70°
with respect to the second imaginary plane, the two points
being located in a third imaginary plane perpendicular to the
first imaginary plane and the second imaginary plane.

9. The plasmon generator according to claim 1, wherein
each of the first and second inclined surfaces is a single
plane.

10. The plasmon generator according to claim 1, wherein
each of the first and second inclined surfaces includes a
plurality of planar portions that form different angles with
respect to the second imaginary plane.

11. The plasmon generator according to claim 1, wherein
at least part of each of the first and second inclined surfaces
is curved.

12. A thermally-assisted magnetic recording head com-
prising:

a medium facing surface configured to face a recording

medium,;

a coil for producing a magnetic field corresponding to
data to be written on the recording medium;

a main pole having an end face located in the medium
facing surface;

a waveguide including a core and a cladding, the core
allowing light to propagate therethrough, the cladding
being provided around the core; and

the plasmon generator according to claim 1, wherein

the main pole is configured to pass a magnetic flux
corresponding to the magnetic field produced by the
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coil, and to produce from the end face a write magnetic
field for use to write the data on the recording medium,

the near-field light generating surface of the front protru-
sion of the plasmon generator is located in the medium
facing surface,

the medium facing surface is included in the first imagi-

nary plane, and

the plasmon generator is configured to excite the surface

plasmon on the main body based on the light propa-
gating through the core.

13. The thermally-assisted magnetic recording head
according to claim 12, wherein

the core has an evanescent light generating surface for

generating evanescent light based on the light propa-
gating through the core,

the main body of the plasmon generator has a top surface,

and a plasmon exciting section located opposite to the
top surface, the top surface including the second edge
of each of the first and second inclined surfaces, the
plasmon exciting section facing the evanescent light
generating surface with a predetermined spacing there-
from, and

the plasmon exciting section is configured so that a

surface plasmon is excited on the plasmon exciting
section through coupling with the evanescent light
generated by the evanescent light generating surface.

14. The thermally-assisted magnetic recording head
according to claim 13, wherein

the main body of the plasmon generator includes a lower

protrusion located on a side of the second imaginary
plane opposite from the top surface, and

the lower protrusion includes the plasmon exciting sec-

tion, and has a front end face facing toward the first
imaginary plane and not included in the first imaginary
plane.

15. A method of manufacturing the plasmon generator of
claim 1, comprising the steps of:

forming an initial plasmon generator;

forming a first mask on the initial plasmon generator, the

first mask being intended for defining the width of the
front protrusion in the first direction;

forming a second mask on the initial plasmon generator

and the first mask, the second mask being intended for
defining the location of the first and second inclined
surfaces;
etching the initial plasmon generator using the first and
second masks so that the first and second inclined
surfaces and an initial front protrusion are formed; and

forming the near-field light generating surface so that the
initial front protrusion becomes the front protrusion and
the initial plasmon generator becomes the plasmon
generator.

16. The method of manufacturing the plasmon generator
according to claim 15, wherein the main body has a top
surface, and a plasmon exciting section located opposite to
the top surface, the top surface including the second edge of
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each of the first and second inclined surfaces, the plasmon
exciting section being configured to excite a surface plas-
mon thereon.

17. The method of manufacturing the plasmon generator
according to claim 16, wherein

the main body includes a lower protrusion located on a

side of the second imaginary plane opposite from the
top surface,

the lower protrusion includes the plasmon exciting sec-

tion, and has a front end face facing toward the first
imaginary plane and not included in the first imaginary
plane,

the initial plasmon generator is formed to include an

initial lower protrusion which will later become the
lower protrusion,

the initial lower protrusion has an initial front end face

which will later become the front end face,
the method of manufacturing the plasmon generator fur-
ther comprises the step of forming an underlying sec-
tion before the initial plasmon generator is formed,

the underlying section includes a base portion, and an
upward protrusion protruding upward from the base
portion,

the base portion has a top surface,

the upward protrusion has a reference surface, and

the initial plasmon generator is formed over the base

portion and the upward protrusion of the underlying
section such that the plasmon exciting section contacts
the top surface of the base portion and the initial front
end face contacts the reference surface of the upward
protrusion.

18. The method of manufacturing the plasmon generator
according to claim 17, wherein

the reference surface of the upward protrusion has at least

one edge parallel to the first imaginary plane, and

in the step of etching the initial plasmon generator, the

location of at least one of the first and second edges of
each of the first and second inclined surfaces is con-
trolled by using the at least one edge of the reference
surface of the upward protrusion as a reference.

19. The method of manufacturing the plasmon generator
according to claim 15, further comprising the step of form-
ing an indicator before the initial plasmon generator is
formed, wherein

the indicator is located at a predetermined distance of zero

or more from the first imaginary plane, and

in the step of etching the initial plasmon generator, the

location of at least one of the first and second edges of
each of the first and second inclined surfaces is con-
trolled by using the indicator as a reference.

20. The method of manufacturing the plasmon generator
according to claim 15, wherein the step of etching the initial
plasmon generator employs ion beam etching to etch the
initial plasmon generator.
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